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ABSTRACT 
An assessment is first made of the various transistor matrix 
characterisation. parameters and their methods of measurement. 
A method of measuring transistor scattering parameters is described 
over the wide frequency band lOkHz to IDOMHz. The accuracy of the 
measuring system is discussed and a method for checking parameter 
consistancy within the three configurations is given. A modified 
version of the system is described for the measurement of integrated 
circuit S parameters together with the limitations of two-port matrix 
characterisation of linear integrated circuits. 
A section is also-included which describes the use of scattering 
parameters in circuit design. 
2. 
PREFACE 
The work described in this Thesis was carried out in the 
laboratories of the department of Chemical Physics at the University of 
Surrey under the supervision of Professor D. Woodsq Professor of 
Measurement Science. 
The author wishes to express his thanks to Prof. D. Woods whose 
continued encouragement and assistance are greatly valued; also to 
Dr. D. S. Allam who supervised the work for the first year* 
The assistance and advice of those who attended the Technical 
Progress Meetings is much apprediated and also the helpful comments 
from many colleagues, 
A bursary from the Ministry of Technology who financed the 
research is also greatfully acknowledged. 
3. 
C0NTENTS 
Introduction 
Chapter 1 Two-Port Parameter Representation 
1.1 Characterisation oý a Network in Terms of Voltages and Currents 
1*2 Charactprisation of a Network in Terms of Incident and Reflected Waves 
1,3 Other Methods of Network Characterisation 
1.4 Mathematical Relationships between Matrix Parameters 
Chapter 2 Methods Available for Matrix Paramoter Measurement 
2.1 Z9 h9 g and Y Parameter Measurement Techniques 
2.2 Measurement Methods for ABCD and abcd parameters 
2.3, *Measurement Methods for S and T parameters 
Chapter 3 Circuit Design Using S Parameters 
3,1 General Design Methods 
3.2 S Parameter Relationships and Physical Concepts 
3.3 Device Gain Using S Parameters 
3*4 Design for Optimum Noise Figure 
Chapter 4A method for S Parameter Measurement 
4,1 General Single Port Measurements 
4.2 Ideal Measuring Circuit and S Parameter Derivation 
4,3 Low Frequency S. Parameter Jig Design 
4.4 Operation of the Low Frequency Jig Using the Aim Modular 
Instrumentation System 
4.5 Results and Their Calculation 
4.6 Error Estimation for the L. F. 3ig 
Chapter 5 Wide-band 5 Parameter Jig 
5.1 Measuring Jig Design 
5.2 Residuals and Equivalent Circuit of the Jig 
5.3 Modified Transistor Jig and Complete Circuit 
4. 
Chapter 6S Parameter Measurement 
6.1 Measuring Instruments and Equipment Used With the Wide-bond Jig 
6.2 Wideband Jig Operation with the Vector Voltmeter 
6.2.1. Vector Voltmeter - Principles of Operation 
6.2.2. Vector Voltmeter - Setting Up Procedure 
6.2.3. Vector Voltmeter - Measurement Procedure 
6,2.4. Vector Voltmeter - Spurious Response 
6.3 Wideband Jig Operation with the 675A, 676A Network Analysor 
6.3.1. Network Analyser - Principles of Operation 
6.3.2. Network Analyser - Setting Up Procedure 
6,3,3, Network Analyser - Measurement Procedure 
6. ý. 4. Network Analyser - Lou Level Response Anomalies 
6,4 The Terminating Resistor 
6.5 Series Resistor Zm - Calibration 
Chapter 7 Calculation of Results 
7.1 Calculation Procedure for Vector Voltmeter and Network Analyser Data 
7.2 Flow diagrams of the Computer Program 
7.3 Programs for 5 Parameter Calculation 
7.3.1. Vector Voltmeter Program 
7.3.2. Vetwork Analyser Program 
Chapter 8 
8.1 
8.2 
8.3 
8.4 
Discuss 
General 
Results 
Results 
Results 
ion 
Po 
of 
of 
of 
of Results 
ints 
Short and Open-Circuit Tests 
Measurements on the Passive Network 
Measurements on Active Devices 
5. 
Chapter 9 Integrated Circuit 5 Parameter Moasuremont 
9.1 General Points an Integrated Circuit Measurements 
9,2 The Inteqrated Circuit S Parameter Measuring Jig 
9.3 Integrated Circuit Measuring Jig Equivalent Circuit and Residuals 
9.4 Measurement of Integrated Circuit S Parameters. 
Chapter 10 Results of S Parameter Measurements on Integrated Circuits 
10.1 General Points and Miscellaneous Measurements 
10.2 Results of Integrated Circuit S Parameter Measurements 
Chapter 11 Conclusions 
11.1 General 
11.2 Transistor Parameter Measurements 
11.3 Integrated Circuit Parameter Measurements 
Appendicies 
A The Dual Directional Coupler 
B Correction of Y Parameters for Common Lead Impedance 
6. 
INTRODUCTION 
The objective of this research was the development of a technique 
for the measurement of transistor and integrated circuit (I C) parameters 
over the frequency range 10 kHz to 100 MHz, The requirements for. the 
method were: - 
1) It should completely characterise the device at the 
frequency of measurement and under specified bias 
conditions 
2) It should be simple and speedy in operation 
3) It should relate as closely as possible to the normal 
operating conditions of the device 
The approach adopted was, first, to carry out a comprehensive 
survey of the various forms of transmission parameters for active device 
I 
characterisation together with their associated measurement techniquesq 
and secondly, to select the most suitable parameters and develop a 
measuring system to satisfy the requirements as closely as possible, 
In view of the additional complexity involved in transistor measurements, 
compared with 1C measurementst arising from decoupling networks for 
bias injectiong it was decided to devise a method suitable for transis- 
tors in the first place and then adapt it to IC measurements. 
Part I of the requirements is satisfied by using any of the two- 
port parameter representations reviewed in Chapter 1. 
Part 2 is the main reason the research was undertaken because all 
the current methods (reviewed in Chapter 2) that cover the frequency 
range 10 kHz to 100 MHz involve extremely tedious measurement procedures. 
Part 3 of the requirements relate to the fact that most measurement 
techniques in the frequency range of interest employ measurement con- 
figurations that differ widely from the configurations in which the device 
is used in circuit. For example the measurement of most transmission 
parameters expressed in terms of voltages and currents need open-circuit 
7. 
and/or short circuit part terminations. This imposes practical 
difficulties not only in realising ideal terminations but in achieving 
device stability under measurement conditions. 
8. 
CHAPTER I 
TWO - PORT PARAMETER REPRESENTATION. 
I. J. Characterisation of a network in terms of voltaqes and currents 
Any two-port network can be defined by a two by two matrix which relates 
four variables. Let us first consider the four variables to be the 
currents and voltages 1 19 
Vlt 
21 
V29 as defined in Fig 1.1. if I 
and 12 are independant variables VI and V2 are obtained by: - 
11+K 12 12 
v2=K 21 11+K 22 12 
Z'Parameters 
It can be seen that the coefficients K, 19 K 12 9K 21 9K 22 have the 
dimensions 
of impedance so it is natural that they be termed Z parameters. 
These are written in the matrix form: - 
1z 11 
z 
12 
11 
v2z 21 z 22 12 
To measure Z parameters it can be seen that either II or 12 must be 
made zerot since 
12 
71-1 12 
v2 
21 2 =v2 
Z'2 2 12 
Y Parameters 
If we now consider V1 and V2 to be independent variables II and 12 are 
obtained by: - 
11vI+K 12 v2 
12K 
21 v1+K 22 
v2 
9. 
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wh . are the coefficients are now in terms of admittances thus the parametors 
are termed 'Y' or admittance parameters* In the matrix form: - 
Iy 11 y 12 v1 
2y 21 
y 22 v21.2 
To measure Y parameters it can be seen that either VI or V2 must be 
made zerog since 
21 =12v2 
()q 
y 12 11v10 
y 22 IZ VI 0 
2 
It can be shown that Z and Y parameters form a pair of inversely related 
matricesq as shown in Table 1.1. Further sets of parameters can be 
defined using various combinations of V 11 V2' 1' 121 as the independent 
variables. This leads to an additional four sets of parameters. 
(For convenience the coefficients Kij have been dropped and the 
appropriate parameters used directly). 
h parameters 
if II and V2 are chosen as the independent variab les'the hybrid or h 
parameters resultt the defining equations for these are written: - 
I+h 12. v2 
4- h, V 
21 1 42 22 1.3 
In matrix representation these are written 
vIh 11 h 12 
11 
12h 21 h 22 
v2 
To measure h parameters V2 or 11 has to be made zerog thus 
v2 =v1 12 v2 
2 
IV 
=a 21 2 
h 22 = 
12 110 
ý2 
_q__parameters 
if VI and 12 are chosen as the independent variables one obtains the 
inverse hybrid parameters known as g parameters. Their defining 
equations are written 
g 11 v1+g 12 2 
Vg 21 vI+g 22 2 
or in matrix representation 
gll g12 v1 
v2 g2l g22 2 
To measure 9 parameters either V1 or 12 must be made zero, thus 
911 
1l 1-, 
2 ": 0 g12 
! 
jl 
'ýj 
v10 
2 
v 
921 C) 92v0 21 -222 
!_1 
ýl 
121 
ABCD Parameters 
The final pair of parameter representations are the transmission 
1.4 
parameters A, 89 Cq D and their inverse a, bg c. d, ABCD parameters 
have V2 and 12 as their independent variables. The defining equations are: - 
V1=AV 2- B12 
CV 2- D12 
or in matrix form 
A8 v2 
CD -I 
To measure ABCD parameters either V2 or 12 must be zerog thus 
1*5 
12. 
v11=0BvI 
2 v2112 
11=001 2 v212 
abcd Parameters 
Finally if V1 and 11 are chosen as the independent variables the abcd 
parameters result: - 
V2-aV1-bII 
12=V1 
1- 
dII 
or in matrix form 
V2ab 
2cd 
1.6 
To measure abcd_parameters either V1 or 11 must be made equal to zero thus 
v2 
12 
711 11 =0 
-V 2 
2 
1.2 Characterisation of a netWDrk in terms of incident and roflected waves 
So far we have considered only the input and output currents and voltages 
as variables relating the parameters of the device. An alternative 
method of two-port characterisation is to consider the incident and 
reflected voltage waves which are obtained from the two ports of the 
device when a particular reference im-pedence is specified, 
Fig. 1.2.1 the Scattering matrix may be defined as: - 
b15 11 S, 12 aI 
b2S, 21 S 22 a2 
If we consider 
13. 
where a and b are the incident and reflected voltage waves respectively. 11.. 
The defining equations being: - 
aI+S 12 a2 
S 21 aI+S 22 a2 
Thus the S parameters are given by: - 
s- b, aSbia, 0 2 C) 12 
a2 
sbab2a, 0 21 220 S22 
a2 
aI 
1*7 
1.8 
Obviously as we are discussing incident and reflected voltage waves onlyq 
the reference impedance for the system must be specified exactly, This 
lends itself to high frequency applications as the reference impedance can 
be made equal to the characteristic impedance of a transmission line 
system. The conditions for aI and a2g 'v 
ýn above can then be easily 
, al: hieved by terminating the system in its characteristic impedance. 
Thus in Fig 1.2' ZI and Z2 are both made equal to the reference character- 
istic impedance. 
Now that the voltage wave concept has been introduced it is obvious that 
there are 6 types of Scattering matrix than can be defined analogous to the 
6 matrices defined from the input and output voltages and currents. However, 
most of these aru zf 7.7 !, ractical use, The only other Scattering represent- 
ation worth mentioning here is the transmission Scattering matrix 
representation the defining equations of which are: - 
T 11 a2+T 12 
b2 
T 21 a2+T 22 
b2 
or in matrix form 
b1T 11 T 12 a2 
aIT 21 T 22 b2 
1.9 
14. 
Thus the parameters are given by 
Tb 11 b0Tb, 2 12 -2 a20 a2 
T a, b0Ta201.10 21 2 22 
a21b2 
As can be seen from the matrix form these parameters are analogous to 
A8CD parameters and thus in incident and reflected wave form give an 
ideal method of obtaining parameters of cascaded networks. 
1.3. Other Methods of Network Characterisation. 
Other forms of transmission parameters have been proposed as the need for 
higher frequency measurements arose. This was because of the increasing 
difficulty which was encountered at higher frequencies in measuring the 
parameters found to be most useful by design engineersq namely Z, Y and 
h parameters* Thus the tendency has arisen to commence with parameters 
that are more easily measurable and then to convert them to a form more 
useful for design purposes* 
one difficulty arises from the application of the conversion formulael as 
can be seen in the next section. These are usually lengthy and since the 
parameters are complex numbersp this increases the complexity of the 
- calculation. Another problem that is not immediately apparent is the small 
differences that arise from some conversionsq notably from S or T para- 
meters to Z or Y oarameters, thus small errors in S parameters can produce. 
startling errors in Y parameters (this is treated more deeply in 
Chapter 8, ) One of the more useful of these alternative parameter 
(2) 
definitions was used by Follingstad tie termed these Insertion Para- 
motors; they are input and output immittance measurements under terminated 
conditions and insertion measurements in the forward and reverse directions 
again under terminated conditions for the transfer measurements. 
15. 
1.4 Mathematical Relationships between Matrix Parameters. 
I 
These conversions are best given in a tabular form. The 4S are the 
determinants of the relevant matricese 
Z', Y, 9, h, ABCD and abcd relationships 
TABLE1,1, 
7 
ij 
Eyi 
j gil i] j c D c 
jd 
Z 
11 Z 12 y 22 
' _y12 _g12 Ah h 12 A A d Ei li y y g 11 911 h 22 h 22 c 
-c 
Z 21 Z 22 -y 21 y 11 
- 
g21 dg -h 21 i i, D Aa a 
y Z y ýl 1 
ýl 
1 
ý22 ý22 
Z 22 _Z 12 y 11 y 12 Aj 
- 
g12 j- -h 12 D -, ä A 
y 
l 4 Z 4z 2 2 U2-2 h h 11 
i i -Z 21 
A- 
Z 11 
ä- 
y 21 y 22 _g21 
- 
1 h 21 ah A d 
z z 
- 22 
ý22 
9 22 h 11 h 11 B B 
-b b 
1 -Z 12 AY y12 gil g12 h 22 -h 12 c -AA G -1 
E i Z 11 Z 11 y 22 y 22 
Jh 
- 
27h «K j d g 
,1 Z 21 Z -y 21 g 21 g22 -h 21 h 11 1 D- Aa b 
Z 11 Z 11 y 22 y 22 
Ä-h ýh W W -d -d 
AZ Z 12 1 -ýJ 2 22 -9 12 h 11 h 12 B: b 
22 Z Z 22 y 11 Yll Ag 
ýg 
-Z 21 
1 y 
21 AY _g21 911 h 21 h 22 C 
Z 22 Z 22 y 11 y 11 9 g -a 
Z 11 18 Z -y 22 -1 22 _F, -hl la A ei d b I Z 21 
721 721 '21 ý21 Z21 -h 
21 h 21 
fi-a A-a 
CD 11 Z 22 -AY -y 11 9 11 g -h 22 c D c: a 
Z 21 Z 21 y 21 y 21 g21 g21 h 21 h 21 
Z 22 Z 
- 
-yll 
« 
- -Ag 
- 
_g22 
- 
1 h 11 D B a b 
a [a j F12 71 2 
7 
12 
712 ý12 U1 
2 
ý-12 h 12 
ti A TA 
cd Z 11 -AY -y 22 -gl 1 h 22 
Ah C A. d 
Z 12 Z 12 y 12 y 12 g12 g12 h 12 
ý12 NA TA 
16. 
S&T relationships 
The conversion of S to T and T to S Parameters is given below. It is 
interesting to note that S&T in terms of incident and reflected voltage 
waves are the equivalents of h and ABCD in terms of currents and voltages, 
TA8LE1.2.. 
NJ ri il 
S, 11 s 12 
T 12 
AT 
T 22 T 22 
s 21 s 22 1 -T 21 
T 22 T 22 
s 11 
- 
TT 11 12 
ý21 ý21 
ij 
IT' 
-S 22 1 T 21 T 22 
s_2_1s 21 
&Y rplationships 
The conversion formulae from S to Y and Y to S are given in Table 1.3 
and from these othor conversions may be obtained. 
TA8LE1.3. 
+S 22 5 11 -68 
+S 11 +S 22 +as 
-2 So)., 
21 1+S 11 5 22 +As 
2S 12 12 1+5 11 +15 22 +A 
22 =1+S 11 
s 22 -A s 
1+S 11 +s 22 +as 
sI+y 22 
y 
11 y 
1+y 
11 +. 
Y 
22 Y 
S 21 
-2 Y 21 
+y 11 +y 22 
s 12 --- --- 
-2 Y 12 
1+y 11 +y 22 +8Y 
S 
22 =i+ 
Yll - Y22 - AIY 
1+y 11 +y 22 +, 
A 
y 
Since S parameters are in the normalised form Yij must be divided by Z0 (thi 
reference impedance) after cnIculation using the abovo equations, similarly 
when S pnrameters are being calculated Y, j must first be multiplied by 
Z0 
before insertion in the above equations. 
17. 
Insertion Parameters and Y relationships 
Insertion Parameterso which were discussed briefly in the previous section 
are defined as follows: - 
- input impedance or admittt4nce Z, or Ye in in 
with output terminated in Zr 
reverse insertion transmission 
between Z and Z' Sr 
, -lr2l = 
forward insertion transmission 
between Z -and Z Sr 
y 
out 
or z 
out- 
output admittance or impedance 
with input terminated in Zs 
and the conversion formulae are -1 
Z' 
in =1 
B -112' = -y 12 
y 
11 B 
y (i+y Z, ) r-v- (i--7)+y +Y y 11 11 s L22 r] 12 21 
B 
e 
Y71. yl I 
y (1+y z 11 11 s) 
[y22(1-co+y: 
r, 
] +yl2y2l 
Y- 
22 Out I+y Yi I 
71 
in + (1-7) zs 
-(Y out +y r) 
(Zin + Z- 
s 
)e- 'el2 
12 -B Ein + (1-nýSI 
y 21 = -(Y out 
+y r) 
(Z 
in +Z 3) 0 
-t21 
B Ein + (1 -n-Z1 
S 
-9 
L 
22- 21 - 12 
y 22 = 
(Y 
out +y 
d (Z 
in + 7. S) 
13 Yout+('-T)yr 
TB 6 -p 'p) ý3 Exn +I 
18. 
where"*r= 
Y21Y12 
Y 11 Y 22 
Z+ Z' B=sr 
Z" 
r 
and r=1+ 
(Y 
out 
+Y d(Zin +ZS )O-VIe-Y12 
B2 
Ys&Yr= Source load. admittances respectively. 
It must be pointed out that in all these conversion formulae small 
differences between two'large quantities usually arise thus any inaccuracies 
are magnified on conversion. The advantages of measuring the parameter 
used for design are thus self evident. 
I 
19. 
CHAPTER 2, 
METHODS AVAILABLE FOR MATRIX, PARAMETER MEASUREMENT 
29 1. Th n and Y parameter measurement techniquas 
The measurement of these parameters is well suited to bridge techniques. 
The bridge must be of the three-terminal type to perform the transfer 
measurements (i. e. Z 12' Z21' Y129 Y21 th 12 9h 219 gl2t g2l") 
Undoubtedly the most difficult problem of measuring Z'j Y and h parameters 
that in all cases either an rf short or open circuit is required 
across one of the measurement portst (this can be seen from the definitions 
in Section 1.1) as in all cases either a current or voltage must be set to 
zero. The only effective method of doing this is a short (v x= 
0) or open 
(i = 0) circuit. Also d. c. bias, must be injected without disturbing the x 
measurement system. 
The necessary conditions which must be satisfied by the termination for 
these measurements are: - 
Yshort>ý'Y-. ,II (for Yý2_ and 
-Y 12 
measurements) 
Yshort >> Y22 (for Y Ill Y21 9 h,, and h 21 measurements) 
Zopen )> Z11 (for Z 22' Z12 Ih 22 and h 12 measurements) 
Zopen >ý z 22 
(for Z 11 and'Z 21 measurements) 
In practice the shorts are achieved in two ways: - 
1) A large capacitor is placed across the port at which 
the short is required. 
2) A physical shýrt is applied, tq a coaxial-line and with the aid 
of a line stretcher the length of the line between the 6hort 
and the device made, a multiple of ýV2. 
For open circuits only one. method can be used over any significant frequency 
range above about 10 MHz. - 
This. is to apply to the required port a length 
of coaxial line which is shorted an odd multiple of X/4 from the device, 
20. 
The first of the short circuit methods is ideal for Y parameter measuraments 
as it is unaffected by changes in frequency and provides d. c. isolation. 
Howeverv it has'a limited frequency range, at low frequencies the reactance 
of the capacitor becomes appreciable, compared with the impedance it is shorting, 
and thus introduces an error, At higher frequencies the capacitor rosonatas 
with its own self inductance and this produces a near ideal short circuit 
limited only by the series resistance of the combination, At frequencies 
above resonance the reactance of the short increases with frequency and again 
causes significant error. 
The second short circuit method is also useful for Y parameter measurement, 
Howovert it is only applicable at frequencies above about 100 MHz as the length 
of line required becomes excessive below this frequency. Another'limitation 
is that the line must be retuned for every change in frequency, leading to 
a somewhat tedious measurement procedure. Nevertheless this system produces 
an excellent short circuit and is probably the best standard method of producing 
short circuit terminations for Y parameter measurement above 100 MHz. 
The open circuit method is usually only used to measure h parameters at 
high frequencies* Z parameters require an open circuit at the device output 
under which conditions it is prone to oscillatet thus this parameter is not 
used at hfe Alsog fulfillment 
frequenciesýis almost impossible 
h parameters the output is short 
conditions. 
The production of a wide-band ca 
of the condition Z' >> z at high open 22 
except with aX/4 short-circuited lines 
circuited and thi. - 1cadis to more stable 
I 
Dacitive short resolves itself into the 
For 
problem of making the largest capacitor practicable with the lowest 
associated inductance. This is usually Possible over the range of most 
wideband VHF bridges. An example of this is the Q801a Y parameter 
21o 
measuring jig of the Wayne-Kerr Company which is used an their 0801 
admittance bridge* This uses two 0*05pF ceramic chip capacitors sand- 
wiched between two brass blocks to produce a 0.1, mF capacitor with an 
associated inductance of less than 0.5 nH. This provides an r. f. short 
of 
IZ'I< 0.35 ohms over the frequency range 5-100 MHz. There are two 
sets of these capacitors used and by changing the transistor connection the 
measurement configurations shown in rig, 2A. are obtained. The r. fe short 
is via two of these capacitors in series. However with Y 11 and 
Y 
22 
typically 
0.003 Mand Y short c: 
1.4 S the condition for Y short 
is satisfied (an excoption 
to this is Y1, 
b. 
which may be as large as 0.15 S. Thus when this impedance 
is presented to the output port of the bridge significant errors could 
arise* These would occur in Y ý22 
b 
and Y 12 
b 
measurement configurations. 
Also errors due to this impedance in the common ground connection could 
arise in common emitter measurements* The path of the short is better 
seen if one refers also to Fig. 2.2. which shows the simplified circuit 
of the bridge. This is a transformer ratio arm bridge and the shorts 
in Fig. 2.1 b. cp fq g are made through the bridge current transformer 
which again has a negligible impedance over the 5-100 MHz range of the bridge, 
The initial trim configurations shown in Fig. 2,1 are required to correct 
for the unwanted admittance of the device from terminals A and B to the 
bridge neutral N. With an ideal transformer ratio arm bridge any admittance 
from A or B to N would not derate the measurement; '---cwavwrq*as the bridge 
is not ideal the eUict of this loading must be taken into account and compensa- 
tion made for its effect on the measurement. - 
This is done with an initial 
trim balance, as detailed in Fig. 2*1* The emitter is the low impedance 
electrode and this causes the largest errors due to transformer loading. 
In Figs. 2.1 bt c. f. and g the initial trim is performed with the emitter- 
base junction in shunt with the transformer as it appears in the measurement 
22o 
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23. 
configuration; thus the stray residuals associated with this loading 
- admittance are trimmed out and only 
the wanted parameter measured. The 
collector connection in each of these figures is needed to affect proper 
biassing of the device. 'The only other technique capable of making the 
three terminal measurements necessary for Zt Y or h parameters above about 
IOMHz is the General Radio-Transadmittance Bridge, This uses the second 
method of obtaining short or open circuit termination conditions and thus 
cannot be used below about 100 MHzp although the adjustable transmission 
line system allows measurements up to 1500 MHz, The circuit of this 
instrument is shown in Fig. 2.3. The external oscillator is coupled to 
three arms of a transmission line system, the standard conductance, the 
standard suseptance and the device input arm. The standards are equal to 
the characteristic admittance of the system (i. e. 20 mS and 
± J20 mS) for 
convenience. The termination conditions are satisfied by the input and 
output line stretchers indicated in Fig. 2.39 the detector junction being 
at earth potential'when the balance condition is obtained. The introduction 
of d. c. bias is effected by means of filter networks as shown in Fig. 2.4. 
This necessitates four blocking capacitors in the standard lines and the 
detector and network input lines, Little mention is made of the effect of 
these capacitors on the performance of the bridge but they must provide a 
good a. c. short over the whole frequency range of the bridge, 
2.2 - Measurement Methods-for ABCD/land abcd parameters. 
These parameters are not so easy to measure directly as Z. Y and h 
parameters because voltage and current ratios are involved as well as 
admittance and impedance, They are usually obtained by conversion 
from another parameter set, Their great merit in circuit design is that 
they can be easily manipulated when cascading devices to produce an overall 
24. 
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matrix, this is because V2 and -1 2 at the output of device 1 comprise 
the 
voltage and current at the input part of the succeeding device 2* Thus 
with reference to Fig 2.5. 
V A1 81 v2 
C1 D1 12 
L 
V2A2B2v3 
12c2D213 
L- j L- -i 
L 
-i 
for device 1 
for device 2 
Thus V1 A1B1 A2B2 v3 
I cID1 c2D2 13 
A method utilising the above property for measuring ABCD parameters has been 
3 
suggested by May , This avoids the problem of short circuits by using a 
finite resistive termination and correcting the matrix by the above mentioned 
manipulation. Fig. 2.6 shows the measurement configurations with the 
formula for the modified parameters as measured into the finite resistive 
termination. If these are called [Am] then 
AB1RA (B+ AR 
M) [Am] 
=CD01C 
(D+ CR ) 
M, 
Thus if R is known: - m 
AA 
measured 
B: = 8 measured- 
ARM 
CC 
measured 
DD 
measure 
CRM 
This parameter set can thus be measured with a phase sensitive voltmeter, 
However, its frequency range is limited to about 5 MHz owing to the need 
for open circuits measurements required for A and C. Its merit lies in 
its relative simplicity of. measurement and construction. 
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12 
The inverse transmission parameters abcd could be measured in much the same 
way by driving the device output and terminating its input. In practice 
this would present difficulties because of the high attenuation through 
the device, and would probably not yield the accuracy required for parameter 
measurement. 
2.3 Measurement Methods for S and T parameters 
Methods currently available for the measurement of S parameters are of 
two types: - 
1) The directional coupler /. vector voltmeter method. 
4 
2.5* 6* 7. B. 
2) The transmission set method. 
The directional coupler method is by far the most elegant in its simplicity. 
If we co. nsider the equations of 1.8 it can be seen that only voltage ratio 
measurements are required. The problem of separating, the incident and 
reflected waves is neatly overcome by the use of dual dir'ectional couplers. 
The measurement configurations are shown in Fig. 2.7. The dual directional 
couplers which simplify this method are discussed in Appendix A, The 
vector voltmeter is a two channel instrument which measures the voltage 
developed across either of its probes and the phase between these voltages. 
Thus when the probes are applied to the appropriate ports of the directional 
couplers in Fig. 2.7. the two voltages of the S parameter defining equations 
1.9 are measured directly and the parameter obtained by a simple division. 
No complex division z:; -, jired as the voltages are given in V18 form thus 
the phase may be considered that of the S parameter directly. 
Any error introduced by the length of coaxial line between the device and 
the voltage probe is compensated by the use of a line stretcher, 
The conditions required for the measurements-(ie, a2 or a1= 0) 
are achieved by using characteristic impedance terminations in a transmission 
)28. 
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line system and making this the defining impedance to which the S parameters 
are referred. Thus the reflected wave from the termination is zero by def- 
inition. The system impedance conventionally used is 50--%.. although any 
10 
other impedance may be chosen as long as it is purely resistive There 
are two main problems with this measurement technique; firsto insufficient 
discrimination with devices having high impedances when the reflection co- 
efficients approach unity (see Fig, 2,9, ) and secondly, limitation of the 
frequency range of directional couplers to above about 100 MHz, Howeverg 
work is being carried out to extend their useful range down to 1MHz and 
9 
maintain a reasonable bandwidth Also a directional bridge with similar 
design spectifications to the UHF directional coupler is now being marketed 
by Hewlett-Packard and which covers the range 1-100 MHz, This is believed 
to be a hybrid device which includes lumped circuit elements, 
The transmission set method has been used by a number of workers mainly at 
the Bell Telephone Laboratories and a typical method is that used by Leeds 
and Kummer 
5S 
parameters are not measured directly by this method but 
insertion or similarly defined parameters are used. The transmission 
method has the advantage that it does not require the use of directional 
couplers and can thus be used down to much lower frequencies. However, this 
does mean that the S parameters must be calculated from the data measured. 
The measurement-configuration is shown in Fig. 2.8. The measurements are 
of two typest the transfer (k 12 and k 21) and the --Iiiyie part (k 11 and k 22) 
parameters. For the transfer measurements the device X is inserted as in 
Fig. 2.8a. A vibrating reed switch makes contact either across S. a short 
circuit strapq or across the device Xe The two voltages obtained Vs and 
Vx can be seen to be aI and b2 of Fig. 1.2., and thus their ratio VX/V s 
is 
S 12 or S 21 depending on 
the direction in which the device is inserted. 
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The corresponding insertion parameter is given by: - 
e 
f12 
or ep 
21 20 log 10 
rV ý 
IV-xj 
The single port measurements are performed by bridging the device across 
50. ru. as shown in Fig. 2,8b with the remote port terminated in 50----and the 
same procedure as above carried out, For high impedance devices this 
method becomes incrrmasingly inaccurate due to the very small differences 
between V. add Vx* Thus when high impedances are to be measured a 
ý/4 
line transformer is used to convert the high impedance to a lower value to 
improve measurement accuracy as in Fig. 2.8c* However, this is best 
avoided if possible as it makes the measurement tedious and tiMO consuming. 
The phase measurements cannot be made directly as the voltages appear in 
sequence across the termination thus a separate path must be used, as shown 
in Fig. 2.89 with which both signals are compared for phase and their phase 
relationship found by differences* 
The conversion from insertion to S parameters is given by: - 
%011 tf2l 3- 2e 
_V 
-1 + 2e r 
S] = 
V12 3- 2e V22 
-1 + 2e 
W22 
#5 There is a certain difference in nomenclature between Leeds and Kummer 
2 
and Follingstad's origin-91 definitinn of insertion parameters* Follingstad 
defines'his parameters e- 
)Oij 
=vx whereas Leeds and Kummer define theirs 
as e99iJ = 
Vs. The two definitions are compatible. To avoid confusion 7 
x 
(in the above conversion formulae) the Leeds and Kummer definition IS used. 
This measurement method is intrinsically wideband and if quarter wave 
transformers are not used requires very little setting up. Leeds and Kummer',. 
32. 
equipment covered the frequency range 5- 250 MHz and ih in a later paper 
Leeds 6 used a similar system from 0,25 to 4.2 GHz, Evans 
a in a still later 
paper gives/details of an automatic computer controlled test set measuring 
S parameters derived as shown above from insertion parameters between 
50kHz and 250 MHz. The strays introduced into the measurement by switched 
configurations (to speed the measurement) are eliminated by computational 
compensat16n using data obtained from shortp openg and 50---terminations 
applied at the measuring interface. 
The measurement of T parameters has 'attracted little interest owing to the 
difficulty in complying with the defining equations 1.10. Their use is 
merely a mathematical one; when cascading devices they are extremely 
convenient to use in designt thus they are usually obtained via the transfbrma- 
tion in Table 1.2 from S parameters. 
It can thus be concluded that of the measurable parameters available Y and h 
are the most extensively used. However, they become increasingly difficult 
to measure at high frequencies and aýe not adaptable to swept frequency 
measurement. On the other hand S parameters are the most easily measured 
but as yet are little used for circuit design except at microwave frequencies* 
This is obviously due to the fact that formulae involving S parameters are in 
general more complex, Nevertheless the increasing availability of computing 
facilities. combined with their case of measurement indicate that S parameters 
are probably the most practical form of device characterisation. 
33. 
CHAPTER 3 
CIRCUIT DESIGN USING S PARAMETERS 
1 General Desiqn Methods 
For the purposes of circuit design two mathematical approaches are 
used to represent active devices. The first of these is to use an equivalent 
circuit containing passive elements and ideal generators to represent the 
device. At low frequencies this approach is by far the simplest and most 
straightforward but as the frequency increases so do the number of circuit 
elements required in the equivalent circuit to portray an accurate representa- 
tion of the device* Typical circuits postulated contain 10 to 12 elements 
20 
and are effective up to 300 MHz , Obviously, to be of use they need to 
be used'in conjunction with a computer as a mathematical model in a C, A, D. 
program, 
The second mathematical model is the 'Black Box' approach which was described 
in Chapter 1. This approach defines the operation completely at one frequency 
and under a given set of d, c, operating conditionsg with four complex para- 
meters. At low frequencies these parameters change very little with frequency; 
howeverg the equivalent circuit approach is probably easier to use as the 
d. c. operating conditions change the 'Black Box' parametersq thus a different 
set, is, required for each set of bias conditions. At higher frequencies 
(above about 10-20 kHz) the matrix approach becomes more attractive, 
Having-chosen S parameters as, the most conveniently measured parameters it is 
instructive to examine their design function, In this chapter examples are 
given of the use and applicability of S parameters to design of linear active 
circuits. Linear operation by the device is essential for active circuit 
design because transmission parameters are not valid for non-linear operation. 
The examples show the ease with which S parameters can be used to design for 
34. 
maximum power gain or a specified power gain, and how noise figures may be 
optimised and if necessary a compromise found between gain and noise figure.. 
Unconditional stability criteria of devices expressed in terms of S parameters 
are also given. 
3'. 2. S Parameter relationships and physical concepts 
At this point it is worth examining S parameters to elucidate their relation- 
ship to other electrical quantities. They were first used at microwave 
frequencies where the measurement of wave properties can be realised easily 
by means of slotted lines and directional couplers. S parameters are by 
definition reflection coefficients (S 11 and S 22 
) and voltage wave transfer 
coefficients (S 12 and-S 21 
) in relation to a nominal characteristic impedance. 
Reflection coefficients thereforeq are merely a means of expressing an arbitaiy 
impedance (Z 2) in term s of a normalising impedance 
(Z 
0) 
Lee 
reflection coefficieint V) 
or z. 2 
z-z 
2-o 
z2+z0 
t 7-71 
They are used extensively and have great application in the transmission line 
field where the normaýising impedance Z0 is usually set equal to the 
characteristic impedance of the transmission line. Any load applied to the 
transmission line can then be characterised in terms of its reflection 
coefficient rather than its impedance or admittance. 
3.3. Device Gains Using S Parameters 
S parameters can be re 
Gt= 
Is 
21 
12 (1 _ 
11-PsS 
11 
where,, O s and/OL are 
the 
lated to transducer power gain by the equation: - 
IP 
r1 
2)(1 PL 
12) 
-pL5 22 +ps PLA 
123.1. 
reflection coefficients of the source and load 
respectively andA is the determinant of the S parameter matrix, 
35. 
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Expression 3.1 may be derived as follows: - 
21 Consider Fig. 3.1 the source resistance RS may be expressed as 
RR (1 PJ ) 3* 2' 
ps 2 
where R0 is tho real reference impedance (50. rL). 
The load conductance GL can similarly be expressed as 
21 
CL=G01 PL 
2 
11+ 
PL 2 
It can alSD be shDwn that 
21 
Eq 
+ 
2 
-PSP, 
and the ratio V2 /V 1 is given by 
22 
v2 S21 + PL) 
v1+S 11 - PL 
(S 
22 +A 
3.3 
3.4 
3.5 
and now by multiplying Eqn* 3.5 by Eqna 3.4 we obtain 
VE (1 + 
Pi 
1 S21 . (1__ + -PL) 3.6 
2 PsP11)(1 + 511 --PL(S 
- 
22 + A)) 
now the 
I 
power dissipated in the load is given by 
L V2 
i 26L 
From Eqn. 3.3 
JV2 12 G01- 
PL 1 2) 
11 + PL 12 
and from Eqn. 3.6 
]2. 
+p1 
21 S1.1 
1 2.1 1+ ptJ2. (1 '2 
J)sp 
pLE 
Ef 
p+ -JýJ' )*G 0 
3,7 
4 IY2 
p2 
- 11 .11- +A 
J2 11 + P P, 1+ Sll *PL(S22 PLI 
37. 
If we now consider the input, the power available from the source Pa (i. e. 
the maximum power) is 
p JE, 
4R 
=. IS 
22 1 
sj- 
1 
4R 
0 
(1 - 
IP. 12 
from Eqn. 3* 2 
now the transducer power gain is defined as PL /P a 
thus 
3.8 
S12). 
11 12.1 
1+p 11 
2.1 S12.2. G 
jrý 
t 21 0 
2 
ýp , 
2. pspll 1 2.11 + S11 (S 2 
1ý1 si 
PL 
22 
1 
3,9 
now substituting the Equation for Pl, which is 
Pil ý Sil -, PLA 3,10 
pLs 22 
into the Equation 3.9. we obtain 
0P 
812)1 
1+ 
S11 
- 
PL612 
. 
12) . 
Gt-1-PLs 
22 
__I 
S211 2 (1 - 
J'PL 
3.11 
11- 
'Ps. i-PLs 22 
12.1 
1+S 11 - PL 
(s 
22 +, 
6)1 2. 
multiplying numerator and denominator by 
11- PL522 
12 
we obtain 
p 
S12)1 
1L- -'r, ----2. s22 tL5 -2 2- + f, 11 -P L'ý' 
1 
211 (1 -1 PLI 
2. 
+ - PsSil + PsPI. A 
I 
's... - ? -L(-s- 
4 
I-1.4. - 22 .I- 
= 
12. JpZ3 (1-I ýj 
t 
IS21 
'12). -" _I 
2) 
11-pss 
11 PLS22 + 
PsPLA 12 
1 
3,12 
This Equation appears somewhat difficult to handle and to sirplify design the 
assumption is made that S 12 is so small that it can be ignored 
(i. e. S 12 0) 
This introduces the concept of 'Unilateral' transducer power gain the expression 
for which simplifies to 
Wo 
G tu = 
IS21 12. (1 2). (1 _1 
s r' 2 
s 11 
»LJ22) 1 
3.13 
The assumption that S 12= 0 is worth considering for a moment, It will 
obviously introduce an arror into the calculation; however, if we can estimate 
this error and see if it is within the design tolerances required the uni- 
lateral. approach is by far the simplest method of S parameter design, 
The ratio Gt/. G tu lies 
between the limits 12*27 
< 
0)2 
3.14 
2< -G (i u) tu 
where 
US 
11 
S 
22 
S 
12 
S 
21 
1 
3,15- 
0-15 
1112)(1 
IS22 12) 
The errors obtained by assuming the unilateral conditions may thus be estimated 
rf in most cases these do not exceed 
± 31Lle 
If Equation 3.13 is investigated it can be seen that it can be split into three 
separate expressions, one which concerns only the device inputq one which 
concerns only the device itsblf and one which concerns only the device output 
' 
i. e. 
G tu ý: 
(i -Ip S12) S 2 
(1 -1 PL 
12) 
3 16 0 
I 
21 
1 
. 0 
1-S lip s1 
2 
I-S 
22PL 
2 
These three expressions may be termed 
Source matching gain G ts 
(i - s[2) 
IP 
3.17. 
I 
1 
-SPr 11 '12 
Device Gain G to S 21 
123,18, 
Load Matching Gain G tL 
(I - 
IPL 1 2) 
3.19 
0: - 
II 
-S 22PL 
12 
J9, 
As Equations 3.17 and 3.19 are of identical form let us consider the general case 
Examination of these Equations reveals that when referred to the co-ordinato, 
system of a Smith chart and the gain held at a constant value, P, O the 
reflection coefficient of the i 
th 
port, varies according to the Equation of 
a circle. These Constant Gain Circles are extremely useful when designing 
for a specified device gain. If we define S ii as the*input S parameter of 
the i th port, Gi as the particu. 1ar additional port-gain under consideration 
th 
and Gi max as 
the maximum additional power gain available by matching the i 
port. Then 
max 
1S 
Now. if we define a quantity gi as gi =Gi (i s ii Gi 
7 
1 max 
the centre of the constant gain circle Ci is given by 
Ci = gi SiL 
2 
id 
09 
i 
and its radius Ri by 
Ri= 
IVA -9i 
Siij 2 I 
-- 
1_ ISiil2(l - gi) 
3,20 
3,21 
3,22 
3.23 
The dimensions of Ci and Ri are in reflection coefficients and as stated above 
Ci lies on the line between the origin and S ii on the Smith chart. An 
example of these constant gain circles is shown in Fig. 3,2 for a 2N918 transistor 
at 100 MHz, Those data will be used in the following design examples 
Type 2N918 f= 100 MHz Vc= 10 volts Ic= 2mA Common Emitter 
s s 12 
s 
21 
s 
22 
. 4001 
Z313.90 0,0262 /70.1 C3 4.996L114.2 0 0.882Lt55.5 
40. ' 
t 
PAASC 
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I 
41. 
Firstly the assumption that the unilateral condition applies is chocked. 
From Eqn. 3.15 
u=J. 4001 x oBB26 x . 0262 x 4.996 
12' 
(i - 
1.4001 12) (1 _ 
1.8826 12) 
0% 0,0115 I 
Now introducing this into Eqn. 3,14 gives 
1977 
< at < 1.023 
G 
tu 
I 
thus design errors due to assuming that unilateral conditions apply is 
t 2.3%. 
The work of design is aided if Eqns. 3.17,3.18 and 3.19 are expressed in 
decibels, Eqn. 3.16 then becomes 
G 
tu ýG ts +G to +G ti in dB 3,24 
Now if we specify a required transducer power gain for the 2N918 transistor the 
S parameters of which are shown above, the gain can be realised as follows: - 
Specified G 
tu ý 20dG at 100 MHz 
G to S 21 
12= 14.996 12= 
24.96 
or G to 13.97dB 
Now from 3.20 
G ts max ý1-=1.19 
I-1.400112 
0,76 dB 
and 
max 
124.52 
883 
6.55 dB 
It may be noted from Eqns. 3.17 and 3.19 that the gain, obtained by matcýing 
the ports of the device-into the reference impedance (50-P-) is G ts ý- G ti =0 dB 
42. 
From the above calculations it can be seen that the design gain can be achieved 
by matching the output port for increased power transfer and maintaining 
the input port at 50-A. , Thus with the circuit of Fig. 3.3. 
GU= design G 
tu -G to -G ts 
= 20 - 13.97'- 0 dB 
= 6.03 dB 
Thus the constant gain circle for a load matching gain of 6,03 dB(or 4,01 
in linear form)is required. From Eqn. 3.21 
g6.03 dB = 4.01 = 0.89 
4.52 
4=0- 
. 11 
2 and R 
_(ý _J. 
683L 6,03 dO from Eqn. 3,23 
1-I *13B3 
12(0.11) 
= 0.076 
also C= 0*8.91.883 from Eqn. 3,22 6,03 dB 
1-j. BB3 
12(0.11) 
.. 
= 0.86 
The circle is now plotted on a double-Smith Chart 
23,28 
and is shown in Fig. 3.4' 
The double Smith Chart consists of two Smith Charts superimposed on each other 
one of which has been rotated 180 0 about its origin. This has the property 
that one set of co-ordinates refers to series impedance and the other to 
parallel admittance. The advantages of this will be seen as the design 
procedure is continued. To obtain the required port gain the reflection 
coefficient of, the load must lie on the appropriate constant gain circles 
We may thus reach this condition in a number of ways. If the load is to be 
resistive and has no specified value we may simply add resistance along the path 
A until the circle is intersected. However, this is not usually the caset there 
is usually a specified load resistance which requires matching to the device out- 
put port. A convenient and by no means uncommon value for the load resistor 
43. 
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is 5O. P., Now if we wish to dissipate all the power in this, the matching 
elements must be purely reactive. Thus commencing from the 5D.; %-origin in 
Fig. 3.4 we add series capacitance along the path 8 and shunt inductance 
along the path D until we again intersect the circle. Finally, if the design 
resistive load is other than 50. iL (say 10O. A, ) we again use the same procedure 
starting from the, 100ý-- point adding series C along F and shunt L along G 
to meet the circle, 
Thus Fig. 3.3 uith a 50-A-load becomes Fig. 3.5 for the design gain of 20 dB* 
3.4 Design for op timum Noise Figure 
It is well known that the noise figure F of a linear two port depends on the 
24.25 
source admittance connected at its input port The expression relating 
these two parameters is 
F=F0+Rn ys -y 012 
3,24 
F 
sI 
where Gs is the real part of YS the source admittance and F0 the'op'timum 
Noise Figure, i. e. the IDWest Noise Figure obtainable when Y=Y. R is 
a positive number with the dimensions of resistance and is the coefficient of 
the Ys -Y 012 
term. and therefore, determines, the rapidity with which F 
I- 
increases above F0 as YS departs from Yo'* 
If Eqn. 3.24 is now rearranged so that the normalised admittances are expressed 
in terms of reflection coefficients i. e. 
+p 
and 
YDP0 
+p 
0 
(note the use of the subscript 'a' here does not indicate a characteristic 
termination). 
46. 
It becomes 
4R 2 
nl 
Ps -p0[ 
(i -1ps1 
2) 1, + pt2 
12 
3.25 
Now if the Noise Figure (F) is held constant the solutions for Ps all lie 
on a circle when plotted on Smith Chart co-ordinates. 
Now for convenience we define 
Fi-F 
4R 
n 
3.26 
this being'for a particular constant noise figure Fil, and using thisp we 
obtain the centre and radius of the circle. 
Centre C Fi =P03.27 
1+N. 
I 
Radius r Fi =11+N. I/ 
/N 
I 
(N 
.1 Jpo 
12 3. 
. 
28 
If a set of these circles is now plotted for different values of Fi together 
with a set of input port constant gain circles (as described in the previous 
section) optimum device operating conditions may be obtained. This can be 
shown with reference to Fig, 3,6, If the source reflection coefficient is 
chosen for maximum device gain i. e. Ps = S11 then the Noise Figure for this 
stage would be 17dB. However if a drop in gain of 0,76 dB can be tolerated 
then we can arrange for Ps to bee point M in which case a Noise Figure of 4 dB 
would be appropriate. It can be seen that to optimize device performance 
it is best to have a sourcc match ---hich I-les somewhere on'thc-line S 11 
PS 
the final position depending on the gain required and the noise that may be 
tolerated* 
The use of the Smith Chart and the mapping techniques described above for the 
optimisation of noise and gain makes theS parameter technique very convenient 
when considering noise. 
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CHAPTER 4 
A METHOD FOR S PARAMETER MEASUREMENT 
4.1 General Sinqle Port Measurements 
The general single port parameters of a device are its input and output 
limmittances' expressed in the form required by the defining equations and 
under the termination conditions specified for the remote port. Thus 
provided these terminating conditions are adhered to any limmiittancel 
measurement made on this port can be converted into the appropriate parameter. 
Thus if we measure the immIttance of the port of a device under 50. r. termination 
condition this can be transferred mathematically into a reflection co- 
efficient whichg under these conditions would equal S 
To measure the input impedance o*f a. device we must obtain the voltage 
developed across the input terminals and the current flowing into the device. 
Furthermore we must know the phase relationship between this voltage and 
I 
current if we are to do more than find its impedance modulus, If. a resistor 
is connected in series with the input to the device the current flowing into 
the device can be found by the volt drop across this resistor. The impedance/ 
frequency characteristic of the resistor must be accurately known. The 
output impedance of a signal generator could be used-if this was defined 
accurately enough over the frequency range, However, this is not the caset 
also no phase information regarding the volt drop across tIvis impedance 
is obtainable. 
Thus if. a resistor is placed in series with the input to the device and the 
I 
voltage measured to ground at either side then the device input resistance 
can be obtained. Also, if the phase between the two voltages is measured 
then the complex, impedance may be derived. 
This is in effect making the V0 point a zero impedance voltage source (as 
va is kept constant) and Zm (the series resistor) the source impedonceo 
(NOTE: limmittancel is used to convey the concept of admittance or impedance) 
49. 
This now generator then has a precisely defined output impedance and develops 
2 V volts across the device under test* This 
method of measuring impedance obviously requires 
a well chatacterised resistor for Zm0 The 
method used to do this is fully explained in 
Chapter 6t Section 5. 
A point to be noted is that as S 11 is derived from the measured device input 
impedance and not from a ratio of incident and reflected wavesq the impedance 
range can be extended without loss. of accuracy by increasing the value of Zm. 
For example if: C is. 50 times ZM , -the difference between VO and VI would be 
only 2%. By increasing the value of Z the difference between V, and Vi can nT 0 
be maintained larget thus avoiding small difference errors* This is a 
great advantage over the directional coupler technique which functions at 
a fixed impedance level of 50-, %.. 
4.2. Ideal Measurinq Circuit and S Parameters derivation 
If one considers the ideal measuring. circuit proposed (rig. 4.1) it is easy 
to see that from V0 and VI the value of the input current to the device 
may be obtained. 
Input current 
L 
in .=vbzv 
In 1 
and from this it follows that the input impedance of the device under the 
measuring conditions is: - 
Input impedance Z 
h. 
v1 
zM 
d-v1 
4.2 
Thus the input reflection coefficient under these conditions is given by: - 
zR in in z in + RD 4. -3 
- which is identical to the S parameter definition of S 11 
for Rb = 50-ru,, 
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Thus as R is made to be 50A 0 
zo =S-Z in 
50 
in 11 -Z 
in + 50 
4*. 4 
The voltage ratio V2 /V 1 is the forward transfer voltage coefficient under 
terminated conditiops. This ratio when multiplied by (1 +S gives 
S 21t i. e. using 
S parameter nomenclature: - 
a2 
Now V+b 
=a1 (1 +s 11 
)f rom 4.5. 
+s 
Now V2= b2 (as a2 is Zero for 50-n-termination) 
=b Also S21 -2 See equation 1. B aIa2=0 
Thus substituting 4,6 in the*above"two equations, we obtain 
=v2 21 - (i +s vI 
4.5" 
4.6 
4,7 
Thus from the 3 measured voltages VaIV1 and V2 we obtain S 11 and S 210 
If the device is now reversed and port 2 is excited from the generator whilst 
portll is terminated, we measure VjV, _. 
and V from which S and S 
nr 0.2r -. 22 12 
are obtained. 
The 
'immediate 
advantage of this method is that it requires only a simple 
circuit and is intrinsically wideband. Problems that are immediately 
obvious are the bias introduction and decoupling and the measurement of 
V1 at the high impedance point in the circuit without loading errors. 
4.3 Loto Frequency S parnmett-r Jirl desion 
A low frequency jig was first constructed so that problems which might arise 
could be dealt with at this stage before a wideband jig was prepared. It was 
decided to construct this jig to operate from 10 kHz up to 1MHz; also, to 
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make it as fle. xible as possible so that changes in design could be incorporated 
quickly. The l. f. jig design decided upon is shown in Fig. 4.2* Each 
section is demountable and is connected using a type N Jack and socket. 
Voltages V0 and V2 are at a 50. nimpedance level thus the ICk-iLimpedance of 
the voltage measuring instrument produces only De5% error. Howeverg at 
the V1 voltage point the impedance level may be very high because for certain 
high input impedance devices Zm may be increased to a high value to provide 
discrimination between Va and V, * Thus it was thought necessary to provide 
a unity gain impedance transformer amplifier at the VI measuring point (Fig. 4,3), 
This is a two transistor circuit using an f. e. t. The circuit (shown in 
Fig. 4.4. ) has an input impedance of : t' 5MJjand an input capacitance of 0.2 YF 
The low input capacitance was obtained by using a large amount of negative 
feedback to drive the f. e. t. source in phase with the gate and thus reduce 
the instantaneous voltage across them. This reduces the effective input 
capacitance 
14, 
. This circuit has a gain of 0.94 
± 2% from 10 kHz to 50., MHzq 
thus a correction factor has to be used in the calculations. There is a 
problem with phase shift across the f. e. t. which gives a phase Ing approximately 
proportioned to frequency of 1 degree per MHz which is acceptable for the l. f* 
jig but not so above IMHz. Bias introduction and decoupling is achieved 
. 
via the input and-the common terminalg so a series bias jig is required to 
inject a d. c. level. -This is placed before V0 thus introducing no error 
into the input measurement. The circuit and details of this are shown in 
Figs. 4.3 and 4*5a. Two separate inductances are used in series to provide 
wideband deCoupling from IOkHz up to 100 MHz so that this series bias 
injection jig could be used on the later wideband jig. The common terminal 
bias is injected via the transistor holder common pin. As any impedance 
introduced here is liable to cause large errors in the measurement, great 
care must be taken to provide as low an aeco impedance path to ground as 
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p., 
possible. 
. 
The design decided upon employs four 3.3, AA-F tantalum capacitors 
connected, as shown in Fig. 4.5b, to a decoupling plate to which the common 
terminal connecting post is attached. The plate is fixed in position 
by floating it on a layer of Araldite Resin, which when hardened has good 
dielectric properties* The extra capacitance provided by this method of 
fixing amounted to approximately 3000 pF which aids the decoupling process* 
Tantalum capacitors were found to possess the interesting property that 
they passed through a very low Q series resonance between 50 kHz and 3 MHz 
depending on their value. This resonance is so wide that they appear to be 
approximately 0.3JL resistive from approximately 50 kHz to'10MHz (depending 
on values chosen). Thus the four capacitors produce extremely good decoupling 
over the jig frequency range (lOkHz--4 IMHz). The inductive element of 
the decoupling network is a toroidal inductor, section wound on a Feralex ring 
core together with a larger air cored inductance to achieve a decoupling rejection 
ratio of greater than 1000 : 1. The series resistor Z: is a Welwyn non- M 
inductive type resistor supplied by the Wayne Kerr Company, The selection 
of'an appropriate value for this resistor was made by trial and error to 
achieve the best pure 2-port resistance in the coaxial system consistent with 
a value that would provide adequate discrimination between Va and V,, 
Suitable values were found to be 500 and 1000-A-. 
The 50JI termination used is a 'Flann Microwave' type CL. 4 5 watt termination 
with a specified V. S. W. R. of 1*05 up to 4,2 GHz. As this was to be used to 
only IMHz, a lower uncertainty was needed, It was therefore measured using 
a General Radio precision U. H. F. bridge Type 1609. The worst case error 
obtained at 100 MHz, gave a'V. S. W. R. of 1*015 for the termination. 
The configuration of the transistor holder is shown in Fig. 4.2. Three leaf 
springs provide contact along approximately 0.211 of their lengths thus all 
56. 
-0 
0 
SE R 165 
BiAS INTECT; 
oAl Tlf AND 
CiqCUif- 
"g 
APLALOITE (NfULATINC4 
LAYER 
FF-E0T1iRoui)i To 
IN milvs Deco, £pct(4e ELeneNT 
_UCCOUPLINC 
PLATE 
TESI 
1EAMiN AILS 
-(&) 
COMMONTEKIANAL BiAS INTECTIDN 
AND 
CiRCUIr. 
FI; ý. 5. BIAS INTECTION AP. RANCAMENTFoR L. F Tio. 
57. 
small signal transistors in TO. 18, TO. 72 and TO. 5 encapsulations could be 
easily accepted, The common terminalq which is effectively at a. c. earth 
potential, has one of its leaves passing between the other two terminals, which 
provides extra isolation between the input and output parts of the measuring 
system, The measured isolation of the jig was better than 100 dB up to 
1 MHz* 
One problem that arises with this jig is the position of the series bias 
injection* This is placed befare the series resistor Z- so that it is not 
included in the-measurement. This gives rise to a d. c. volt drop across Zm, 
thus the d, c, voltage has to be measured at the device pins for accurate 
setting up. This also applies to the d. c. voltage at the output which is 
grounded via the 50JI-load. Alsop when the device is rotated to measure 
the reverse parameters, these two impedances are on different terminals thus 
the d. c. voltage must again be set up. The bias currents are easily measured 
as there is no appreciable leakage path to earth. 
4.4. Operation of The Low Frequency Jig using the AIM Modular Instrumentation 
System 
A schematic diagram of the system is shown in Fig. 4.6. The system performs 
the function of a low frequency Vector Voltmeter for the purpose of these 
measurementso 
The'PFO 166A oscillator provides two outputs which have a constant phase 
difference of 900o These are supplied to the two reference channels of the 
PSO 122A phase sensitive detectorsq which can thus read out in-phase and 
quadrature signal levels by selecting the appropriate reference, The 
in-phase output from the oscillator is also fed via an attenuator and a 
PSA 128 phase -shift amplifier to the input of the measuring jig. The 
two-channel voltage measuring part of the system consists of the two phase 
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sensitive detectors with their associated ASA 123 wide band amplifiers. 
The V1 voltage measurement is made via the high impedance f. e. t. unity gain 
amplifier which is used permanently with one channel of the voltmeter and 
Jýs calibrated gain is compensated by increasing this channel's gain. 
The V and V measurements are performed by the remaining channel, thus a2 
necessitating a transfer of the lead from the V a-to 
V2 position, A further 
LNA 133 low noise amplifier is available to be connected into this channel 
should there be a need for further amplification. The measurement procedure 
is as follows: - 
The d. c, bias conditions are first set up (not shown in Fig. 4,6) then the 
PFO 166A oscillator adjusted to provide a minimum of IV rms, which is required 
to trigger the reference channels of the PSD 122A phase sensitive detectors 
(no problems are presented due to d. c. bias as all the AIM modules are a. c. 
coupled). The attenuator is adjusted to provide small signal drive to the 
measuring jig (5 - 10 mV), The PSA 128 phase shift amplifier is then 
adjusted for zero quadrature component of the signal at VI This greatly 
simplifies the mathematics by eliminating one of the complex division operations, 
The voltages V' 0 
VI and V2 are then noted, The ASA 123 amplifiers provide 
60 dU voltage gain and with their attenuators give the PSD's continuous 
measurement range of 1mV to IVf. sod. If the LNA 133 low noise amplifier 
is also used in one channel, as in the case of the V 2r measurement 
for the 
reverse charactejAj.: it-47 nf the transistorp this can be extended to 10 f. s. *d e 
Howeverg noise in the system is of this order (1OV4V) thus a lower measurement 
limit is in the order of 50, A4V. 
The frequency range of the system is from 10 kHz to 150 KHz. The lower 
limits being set by the decoupling of the jig and the upper limit being that 
of the AIM System. 
As mentioned previously this arrangement was only set up as a low frequency 
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system being a prelude to the wide-band jig, thus results obtained were 
computed by hand rather than by computer this being more a foasability study 
of the method than the final method for obtaining results. 
4.5. Results and their Calculations 
The complex mathematics for S parameter calculation is simplified considerably 
if we consider the input admittance rather ýhan impedance. Eqn. 4.2. transforms 
t6: Input Admittance Y in = 
(Vv-lo 
-)ym4,8, 
Thus as V1 is made a real number by making this voltage the zero phase referenceg 
no complex manipulation is required to obtain Y, in 
because YM is real at these 
low frequencies (10 kHz-0 1 MHz). S 11 is now related to Y in by the equation: - 
I-Y, M 
sit 30 
YIM 
qO S 21 is obtained in the same way as previously described (Eqn. 4.7) It will 
be noted that even here the ratio V2 /V 1 does not-entail a complex division 
Thus the calculation of the two forward S parameters required only one complex 
division and one complex multiplication. 
Table 4.1 shows results obtained from measurements on a passive network 
which was used to check the jig. The network is shown in rig. 4.7. 
The S parameters shown have no complex part, this is because the quadratute 
components measured were so small that they were unreliable and were most 
probably due to instrumental error. In Table 4.2. comparison is made 
between the parameters calculated for the network and those measured; it can 
be seen that the agreement is within 3% an averaget although maximum errors are 
7.5%. 
4.6. Error estimation, for the L. F. Oin 
These errors are due to two main causes. 
61. 
c 
U 
4 
a 
I- 
I 
C 
I. 
Li 
.4 
C 
F 
f4 
(zr r4 v- c>-ý Lrý r'n Ln' 
r--, r--2 r-. , CA <Z 
<-A ' ' cel r--ý 
L 
rIrl --+- L -k- l p Lo 
rn 
1 ý rn L 
ry% 
Ln 
re) 
ý vý ri Ln n - .r n _n % .- . A 2- 0 rlý M (lyi -ýO <2, cz: 4z 
Po %! r- 
C: ) 
a- cr- czr- tr- 
c3 C> c2) 
0- 
ci 0- 
-_Z r-ý Li -, mr- Lx% --J- - ZF r4 --ý- c--ý -t- ry% (-eý r, -ý , Ln LA Ln Ln Ln [-A tn Ln 
0 OQ 
qb 
r-4 
4- 
CZ 
-- -, 
9 
ý2 C> C-4 c--4 c> r-, CMZ 
---& 2ý 
0- g' 
N 
cz %17- 
r*: z r> r9. - Ln L., L. A %-n LA 1-f) 
--i- Du ry-ý zz 
ee-1 
00 
r--4 
C>Irj 
rrý 
olz 
r%"> 
CA 
rle 
. oz -i- co - 
ryl 
PK: ý, 
"i 
0 
(N 
lb 
CX3 --0 
<D 
-i- 
u-, 
ýo 
c2b 
ý_o 
CZN 
Ln JCD --0 
<Z 
.0 
cz 
- Lr% 
Cl 
--j- l-n LA Lf. ý Ln L-A L, -, Vn Ln Lx% t-n Uelb 
25 S c2, 23 25 25 
"" cz> C: 3 Z o 0 0 0 0 e Z (Z 
i CD- 4±> cý ý. ' C., ) (Z- 0* (Z 
C: ) Z CN 1. 
r-- 
.0 
r--ý --0 (Z r--- -. 0 rý .Z FZ, 
'. m 
1-, 
LO 
C>Q 
t. 
0(3 
ýrý) CZI r-: ý ry-) re) rn 
r,:, - 0 cý rv) 'm Ln 
ce 
c 
Ln 
n 
+ 
vr- --0 Ir-Z1 w71 9 C-> r_ 013 c? r> 
r, 0 c, "' ryl ', 'n ry, ý r-rý r. ', reý > CY-3 rn m 
r-4 
cz 0 
r-4 
CD -Z C> c2) CD 
m 
c) (, l cz 
-ýD c) 
ýo 
(Z 
r4 
0 
+ 
ý 
(Z 
Lp 
CY- CD 1,3 %'Y- CD C: z C> Z cý 
Ln 
(3 
CZ, f"n Ln 
C: ) Olz 
CY- 
J --i- -i- un 
4D0 ry) 
CZ 
- 
CZ (Z 0 
ry. % :ý 
ý> 
cr- lt . ........ 
ý 
rN rý c J 
"ýN 
C) c) CD (Z) C2N CD 
CD 
c %-. # - r-. J - r-n -j- ý - Ln ýD, r- o9) cr- - - - 
I 
a 
%0% tc ld 
to 
:cr 
o% 
0 
tc 
Ite 
w, ta 
- a. ic 
X: zi 
ce 
co )'- 'C %e 
z 0 
p. 
-I 
4 
w 
z 
62. 
1) Instrumental error 
This can occur in the amplifiers, the attenuator, the phase 
referencesg or in the phase sensitive detectors. 
The wide band amplifier responses are claimed to have a 3dB bandwidth 
of 4MHz, However the amplifier bandwidth is not so much a cause of 
error as a difference in the frequency response of the amplifiers in the 
two channels. However the errors here are in the order of 5%, 
The attenu-ators can be calibrqted so little error results here. 
The phase references are accurate to only 309 thus errors of this 
order can be expected. 
The phase sensitive detectors present a problem because the main errors 
occur at small signal level- when breakthrough from the reference signals 
give a high spurious reading. This generally occurs when the signal is 
very close to 00 or 900. However, error in signal modulus is in the 
order of 1%. 
2) Jig errors 
The sources of Jig error are many, They are caused by residual parameters 
not included in the ideal measuring circuit in Fig, 4,1, The main 
sources are common lead impedance, probe loading and 2-port isolation. 
Inaccurate bias conditions can also lead to errors when measuring 
active devices. 
Common lead impedance in the low frequency "Ij is approximately 
0.3 to 0.5-fLexcept below 15 kHz when it rises steadily to 1,3 at 10 kHz. 
As explained in Section 4.3. the tantalum capacitors appear as 0.31Lresistive 
above 50 kHz thus this accounts for all the common lead impedance. The 
error it introduces depends on the impedance of the common electrode of the 
transistor in the measurement configuration, With the common emitter 
configuration the errors are highest as the emitter appears as approximately 
10-fl-thus this can introduce approximately 3% errors in this measurement 
configuration. 
63. 
TABLE4.2-' 
(kHz) 
S 
meas- 
ured 
''Sil 
calcu- 
lated 
S 12 
meas- 
ured 
S 12 
calcu-. 
lated 
S21 
meas- 
ured 
S21 
calcu-! 
latod 
S22 
meas- 
ured 
S22 
calcu- 
lated 
ID 298 . 272-J. 00017 . 529 . 545 . 521 . 545 *087 . 0909+JO 
20 . 262 . 272-J. 0003 . 532 -*545 . 543 545 . 0929 . 0909+JO 
30 . 270 . 272-J. 00057 . 529 . 545 . 546 . 545 *0929 00909+JO 
40 278 . 272-J. 00069 . 538 . 545 . 534 *545 . 0959 0909+JO 
50 . 270 . 272-J. 00087 . 545 . 545 . 547 . 545 . 0900 . 0909+JO 
60 . 282 *272-J. 00104 . 543 . 545 . 535 . 545 *0929 . 0909+JD 
70 . 282 . 272-J. 00122 . 535 . 545 . 539 . 545 . 0929 . 0909+JO 
80 . 290 . 272-J. 00139 . 537 
i 
. 545 . 535 . 545 . 0870 . 0909+JO 
90 . 282 . 272-J. 00156 . 537 . 545 . 534 . 545 . 0900 . 0909+JD 
100 *282 . 272-J*00173 . 537 . 545 . 531 . 545 *0900 . 0909+JO 
120 290 ' . 272-J. 00208 . 535 . 545 528 . 545 . 0959 . 0909+JO 
150 . 290 
1 
*272-J. 00260 . 540 . 545 . 524 . 545 0959 0909+JO 
The imaginary parts of S 11 calculated are put in to show that they are 
small enough to be neglected in the remaining calculated values. 
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Probe loading has been discussed in Section 4.2. The loading of the 
V1 probe is 0.2B pF in parallel with 5 M-rL 9thus with the highest value 
series resistor used (1000JL) at the highest frequency of operation 
(I MHz) the error would only be 0.16%, 
The isolation between the two ports is better than 100 dB at I MHz 
(see Section 4.3. ). The errors thus introduced are so small that they are 
not measurable as noise limits the dynamic range of the measuring 
instrument to 80 dB with reduced accuracy, 
Inaccurate bias conditions are more a personal error than an instrumental 
error and can be overcome by voltage measurements at the pine of the device 
rather than at the bias introduction jigs, Errors can arise due to the 
different doco source impedences for the two bias points, one via the series 
resistor and the other via-the 50-r,,. terminationt thus care has to be taken 
when the device is reversed to maintain the same d, c, bias conditionso 
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CHAPTER 5, 
WIDE-BAND S PARAMETER JIG 
5.1 Measuring Jig Design 
The frequency range over which this Jig was designed to operate was 10 kHz to 
100 MHz. As this is such a wide range the jig was designed around a coaxial 
system with a 50-ncharacteristic impedance. Also, to provide sufficient 
space in which to incorporate the device under measurement a ! "o, d. system 
was used. The original design is shown in Fig. 5.1. 
As mentioned in the previous chapter the series bias introduction jig is 
the same as that used on the low frequency jig, The r. f. input to the 
measurement jig is via a type N socket to accommodate the bias jig. The 
series resistor is housed in a section of the jig which easily demounts 
using -111 Woods connectors 
15, 
, 
for the outer conductor, The resistor 4 
brass end caps plug directly into the inner conductors incorporating spring 
contacts as shown in Fig. 5.2-. The inner conductor makes contact with the 
device holder as shown in Fig. 5.3. 
. 
The. holder is designed so that when the 
reverse transmission measurements have to be made the capsule can be simply 
rotated thus presenting the initial output port of the device-to the input 
port of the measuring system and vice versa. This introduces design 
complications in as much as spring loaded contacts must be provided in the 
inner conductors to contact the capsule. The design for these is shown 
in Fig. 5.5. To avoid introducing unnecessary inductance into the 
measurement the contact between the inner conductor and the contact nipple 
must be at point A. If this is not so then a variable unknown impedance 
will be introduced into the measurement circuit. Thus the hollow inner 
condUCtDr is slightly tapered before it is split to maintain contact at 
the extremity. The side of the nipple must be carefully specified so that 
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Vo PROBE POSITION 
DEMOUNTABLE 
TRANSISTOR 
it is a snug fit in the inner conductor and does not splay open the split 
contacts* The common terminal bias is introduced via a decoupling plate 
which fixes in the base of the jig's central square section. The earth path 
is provided via 3 capacitors. Two of these are Hi -K Ceramic chip types of 
O. OýAkF capacitance and the third is a 15' F tantalum capacitor of coaxial 
construction* 
The tantalum capacitor fits through the base of the jig as shown in Fig. 5,6, 
and caused little trouble in fixing* However, the 0.05., "F ceramic chips 
caused some trouble owing to their very brittle nature. The first method 
of fixing tried was to clamp the chips between two small squares of crinkled 
metal foil to provide the electrical contact, This worked satisfactorily 
for a time but they eventually worked loose and shorted. Tighter clamping 
only cracked the chips and made the problem worse. The best solution 
found was to fix the chips in place using silver loaded 'Aralditel resin. 
The procedure adapted was to clean the jig thoroughly and degrease with 
acetone; place the Polythene spacer in-position then put a small dab of the 
silver loaded resin in the centre of either side of the chips (and in the 
small hole to accept the 15p-F inner conductor pip), place these in their 
cutout recesses in the Polythene and carefully lower the decoupling plate 
and then clamp with the fixing screws. When first attempted this had to 
be repeated a number of times as the resin would flow over the edge of the 
chips and short circuit them if the clamping was too tight. When the 
resin had hardenedt the clamping screws could be tightened without fear 
of breaking the chips as these were now fully supported over their whole 
surfaceo 
The decoupling impedance to ground achieved by this means was measured 
using a Hewlett-Packard 8415A H. F. vector impedance meter. The results 
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are shown in Fig. 5.7, The lower trace is the performance of the impedance 
meter probe shorted in the plane of measurement and indicates a probe 
inductancP, of approximately 8 nH. Thus the impedance of the jig decoupling 
is the difference between traces A and B. This gives a maximum impedance 
at 100 MHz of 1*4-r-for the common terminal decoupling. Fig. 5.8. shows a 
similar plot for the I5yF tantalum capacitorg thus by comparison with Fig. 5.7 
the improvement due to the two Hi-K ceramics can be seen. 
The inductive element in the common terminal decoupling network consisted of 
two section-wound toroids in series. with two smaller air cored inductors. 
The toroids were wound on 'FeralexI ring cores and whole assembly gave an 
impedance/frequency plot as in Fig. 5.9, Thus the whole decoupling network 
gave a rejection ratio XL IXC as in Fig, 5,10, It can be seen that the 
rejection ratio is greater than 1000 for most of the frequency ranget only 
dropping off below 50 kHz and above 80 MHz, 
As the capsule is rotated for forward and reverse transmission each port 
must have the same residuals if errors are not to be introduced, Alsog the 
coupling between the two ports must be minimized. Thus an earth screen is 
introduced across the capsule between the two contacts, as shown in Fig. 5.3a 
and is bonded to the common terminal to provide the-earth path to the sprung 
earth contact ring in the base of the capsule. To equalise the two capacit- 
ances to groundf C le and C 2e in the capsule equivalent circuit 
(Fig, 5.3b) 
the screen may be bent towards one terminal or 4ýh- --thcr. ýhe equalised 
capacitances Cle and C for the capsule size used was 1.22 F Three 2e ýO 
capsules were made, each with one of the three pins connected to the earth 
screen, thus all three configurations (common base, common emitter and 
common collector) of a transistor could be measured and any pin configuration 
accepted, The earth capacitances of all three capsules were designed to 
have the same capacitance, (i. e. 1.22pF). 
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Measurements made to check the breakthrough of signal between ports I and 2 
indicated that the signal was 8OdB down an the output into 50j%-at 100 MHz 
thus showing that the value of C 12 was approximately W. 
The capsules were made of'Lucentinal an epoxy resin material with well defined 
characteristics which are given in Table 5.1. The pin connections were 
transistor lead sockets as shown in Fig* 5.4. supplied by 3ermyn Industriedo 
It was found that the contact distance from the base of the transistor averaged 
approximately 3#8 mm and the device was specified with this lead length. 
It was thought that this would introduce very little error, up to 100 MHz, 
as the device is unlikely to be used with a shorter lead length than this, 
it is probably a'truer representation of the device as a circuit element. 
At first two sets of capsules were envisaged with lead sockets on 5.08 mm 
and 2*54 mm pitch circle diameters to accept the two major types of. device 
encapsulation separatelyq namely TO. 5 and Tb. 18. After some preliminary 
measurements had been made it was found that no measurable difference could 
be found between a TO. 5 device in either capsule designq similarly for a 
TO, 18 device, Thus a single set of capsules were made with their lead sockets 
an a 3. B mm pitch circle, to accept either type of encapsulated transistor. 
The output contact of the capsule makes contact to the inner conductor of the 
coaxial system with a contact arrangement identical to the capsule input. 
The output termination impedance presented to the device must be 50JL 
resistive as the tran64. 'L-ý: scattering parameters are defined in terms of 
this impedance. However, the voltage measuring probe used has a quoted 
input impedance of 2.5p F. in parallel with IOOkJ6 Thus compensation for the 
V2 probe must be madeo The impedance of the probe was measured over the 
frequency rangev using the Hewlett-Packard 4815A Vector Impedance Meter to 
find its exact shunt admittance. The results obtained are shown in Table 
5,2, The undercut section necessary to compensate for the shunt capacitance 
was calculated as follDws(16): - 
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TABLE 
PROPERTIES OF LUCENTINE STYRENE CO-POLYMER 
ELECTRICAL 
Dielectric Constant 
at 10 - 109000 MHz 2.55 
Dissipation factor at 
lMHz 0.00013 
1OMHz 0.00013 
10900OMHz 0,00047 
Volume Resistivity (ohm. cm) 10 
16 
Surface Resistivity (ohm) 10 14 
Dielectric strength (volts/mil) 700 
PHYSICAL 
Specific Gravity 1.0 
Tensile strength (psi) 80000 
Co-efficient of Linear 
Expansion (per OC) 7X 10-5 
Thermal Conductivity 
(Cal/sec. 'cm. 0 C) 3.5 X 10 -4 
Temperature range -60" to + JODo 
CHEMICAL 
Water absorbtion % 0.05ý 
Alkalis no effect 
Alcohols no effect 
Aliphatic Hydrocarbons no effect 
Aromatic Hydrocarbons swells 
Chlorinated Hydrocarbons swells 
Ketones swells 
Mineral Acids no effect 
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The equivalent circuit of the output section is shown in Fig. 5.11 The 
unknown which is first required is ZU the characteristic impedance of the 
undercut section. Now Z U, 
is given by 
zu =R t 
14+ 
(1 +N2 
and N=V-CPRt (V being the velocity of propagation) 
zi 
The probe shunt resistance Rp is sufficiently high to be neglected 
in comparison with Rte 
Thus for a chosen value of 1 of 2 cm, and an average capacitance 
,AF of 
2.28 
N=2.997 X 10 10 X 2.28 X 10-12 x 50 
2X2 
= 0#854 
Substituting this value of N in Eqn. 5.1 
Z. .. = 50 0.8 54 + (1 + 0,730 U EO. E 
Now the characteristic impedance of a coaxial transmission line is given by 
Zý = 138 log outer diameter 0 10 inner diameter 
Thus the inner diameter a in Fig. 5.11 is found from this equation as 
the outer diameter b is constant at the undercut at 1.905 cm. This 
gives a value of c of 0.3122 cm. Thus a section 2 cm. long and 0.3122 cm. 
in diameter will compensate for the probe cansnifarcc or 2,20K across the 
output of the transistor measuring jig. 
A number of these undercut sections were made to compensate different probe 
arrangements, The necessity for this arose because two 
instruments were to 
be used to measure the jig voltages, also isolators and various probe dividers 
with different input admittances had to have 
their own undercut compensation. 
The sections could be interchanged by releasing 
four screws on the main square 
section of the jig and inserting 
the new undercut section. 
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TABLE 5.2. VECTOR VOLTMETER PRORE ADMITTANCE 
Frequency Shunt Resistonce Capacitan-ce 
1 MHz 108 K.. -- 2.43 pF 
5 MHz 110 K-f'- 2.34 pF 
10 MHz 100 K-A. 2.26 pF 
20 NH z 133 K -m 2.28 pF 
30 MHz 134 K -r'%- 2.27 pF 
40 MHz 51 .0K -n- 2.23 pF 
50 V, Hz 4 0,5 Kx, -- 2.26 pF 
60 MHz 33.8 K-IL. 2.25 pF 
70 MHz 23,0 K-A- 2.26 pF 
80 MHz 20.1 K -1, - 2.26 pF 
90 r. Hz 17.7 K. P. - 2.29 pF 
100 MHz 11 .5K -ý-" 2.26 pF 
Ave 2*20 PF 
TA13LE 5.3. JIG INPUT CAPACTTANCE 
Frequency Capacitive Impedance (X. ) 
C 
1 MHz 5 5.4 
5 Milz 10.7 K-rL 
10 MHZ 5.5 
20 MHz 2.75 K-rL 
30 MHz 1.80 K-(L 
40 MHz 1.39 K-rL 
50 Milz 1 . 08 KJL 
60 MHz a90 JL 
70 MHz 763 n. 
80 MHz 670 -fL- 
90 MHz 590 -fL 
100 MHz 525 -t'L 
Capacitance (C i) 
2.87 pF 
2.96 pF 
2.89 pF 
2.89 pF 
2.94 pF 
2.86 pF 
2.95 pF 
2.98 pF 
2.98 pF 
2. ý'? pr 
2.99 pF 
3.03 pF 
2.94 pF 
1. 
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MIAZI Ih BIA5 Z 
The 50j-- termination used was a 19,05 mm (0.7511) conical resistive termination17 
(the details of which are given in 
Royal Radar Establishment. The 
showed that the termination had a 
operating frequency up to 100 MHz 
The latter measurements were made 
from 50 to 100 MHz. 
Chapter 69 Section 4) supplied on loan by the 
measurements made on this using a TDR system 
V. S. W. R. of 1.03 at 4,2 GHz, but over its 
it was found to have a V. S. W. R. of 1.022. 
using a GR. 1609 UHF Bridge and were measured 
5.2. Residuals and Equivalent Circuit of the Oiq 
Preliminary measurements carried out. on completion of the jig revealed other 
aspects of importance. It was found that a simple switching arrangement was 
required to obtain the correct bias voltage polarities from the twin 
transistor power supply; 'also a means of making the currents continuously 
variable so that they could be set to convenient values. This arrangement 
is shown in Fig. 502o It allows the supplies to be switched for common base, 
common emitter and common collector configurations for NPN and PNP transistors 
in both the forward and reverse modes of measurement, Also, it was found 
necessary to compensate for residu(xls arising from the inductance of the inner 
conductort probe capacitance and capacitive discontinuities at the capsuloo 
The equivalent circuit of Fig. 5.13 was thus postulated and the values of the 
components were then measured. The probe admittance components Cp and CP 
for both sets of measuring equipment and the jig input capacitance Ci were 
measured using the Hewlett-Packard 4815A HF Impedance Meter, The results of 
these measurements are shown in Tables 5.2.5.3 and 5.4. The holder 
capacitance Ch was measured using a Wayne Kerr B602 Universal HF Bridge, 
The bridge was used because the probe configuration of the H. P. 4815A was not 
compatible with the geometry of the holder and uncertainties would have been 
introduced into the measurement if modified terminal arrangements had been 
used. To check whether these measured residuals compensated for the real 
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TA0LE5.4.. 
NETWORK ANALYSER PROBE ADMITTANCE 
Frequency 
(rlHz) 
Shunt 
Resistance 
(KA 
Capacitance 
(pF) 
0,5 100 4,01 
0.6 105 3.90 
0. T 105 3.89 
018 105 3.90 
0119 105 3.96 
1.0 108 3.95 
2 114 3.94 
3 117 3.99 
4 125 4,04 
5 112 4.05 
6 110 3*95 
7 110 3.95 
8' 115 3.97 
9' 128 3.94 
10 114 3*98 
is 77.0 3.96 
20 46.0 3.9ts 
25 26.2 3.97 
30* 19.3 3,92 
Ave = 3,96 
In Tables 5.2 and 5.4 the parallel resistive component has decreased 
with increasing frequency@ The accuracy of these measurements also 
decreases as the impedances were measured on the H. F. impedance motor 
as a series combination. Thus above -ý1OMHz 9-->90 
a 
and discrimination 
on the resistive component is lost. 
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jig residuals over the whole frequency rangeý an empirical method was used. 
This method involves applying a short circuit and an open circuit to the 
device holder at the measurement plane and calculating the compensatod S 
parameters, ideally these should be +1 (open circuit) and -1 (short circuit), 
This was carried out and it was found that the equivalent circuit postulated 
was inadequatel thus a second circuit illustrated in Fig. 5.14 resulted. 
The residuals already measured were knowng thus the unknowns were Xh and R h* 
As these were difficult-to measure accurately they were obtained by an 
0 
iterative process. The values were firstly calculated approximately and 
with the measured short and open circuit voltage ratios previously obtained 
S parameters were calculated, By inspectiong the values of Xh and Rh were 
varied until the desired results were obtained. The values of all the 
residual parameters for Fig. 5.14 and the Vector Voltmeter probe are given 
in Table 5.5. As can be seen from Fig. 5,15 Xh appears, to a first approximationg 
to be the reactance of a pure inductorg above about 20 MHz, thus showing that 
the equivalent circuit is substantially correct (the apparent resonance at 
5.6 MHz is due to a design fault in the V. V. and is discussed in Chapter 6') 
The calculations were not attempted by hand and a computer program was 
written. This is given with the various modifications necessary for the 
two equivalent circuits in Chapter 7. 
Up to this point only two impedance standards (open circuit and short circuit) 
at the extremes of the S parameter range were used for calibration. To check 
the operation of the jig at other impedances a passive network was constructed 
and S, parameter measurements were made on this. The network and results are 
described in Section 8,3. Although these measurements confirmed that the jig 
was operating linearly it also showed that some discrepancies existed on the 
transfer parameter results becauses for a passive network, S 12 should equal 
S 21* Although this was the case 
for the low frequency measurements9 as the 
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TABLE 5.5 
Frequency 
1,, IHz 
Rh 
ohm 
xh 
ohm 
Gp 
ms P.? 
h 
pp, 
1 1.07 -1-41 . 0098 4-8-4 
1.22 
5 . 91o -0.08 . 0098 4.84 1.22. 
1.0 . 908 0.24 . 0135 4. &ý 1.22 
20 . 915 1-45 . 0378 4-84 1.22 
30 . 980 2.60 . 0648 4.84 1.22 
40 1.043 3.7Q . 0960 4.84 1.22 
50 1.152 4.75 . 134 4.84 1.22 
60 1-156 5.78 . 148 4.84 1.22 
70 1.232 6.71 . 192 
4.84 1.22 
80 1.310 7.59 . 249 4.84 1.22 
90 1.364 8.49 -3 . f28 4.314 1.22 
100 1.412 9.44 . 389 4. Uq-, 1.22 
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frequency rose the two sets of results. diverged, The cause of this was found 
to be due to the lack of mathematical compensation and is described in Chapter 7* 
This was corrected and many devices were measured to derive their S parameters, 
these being mainly in the common emitter configuration. Of special interest 
were parameters obtained for a 2N918 transistorg shown in Fig. 5.16(a). These 
agree very well with the plot in Fig, 5*16 (b)9-supplied by the Royal Aircrfift 
Establishment, for a different 2N918 transistor obtained using the directional 
coupler technique described in Chapter 2. It is interesting to note that 
although the two plots do not cover the same frequency range they do appearg 
allowing for variations between different transistorsp as continuations of 
each other. 
At this pointq further. correlation with other parameters was felt desirable 
so attempts were made to measure Y parameters using the Wayne-Karr B601 Admittance 
Bridge with its QBOI Transistor Adaptor and to compare these with results 
obtained from transformed S parameters but the agreement obtained was poor. 
Another method of self checking employed was to convert the twelve S para- 
matersq arising from the three measurement configurationsv into Y parameters 
and substitute them in Shekel's indefinite matrix 
1B in which all rows and 
columns should sum to zero. As this involved a great deal of conversion from 
5 to Y parameters a program was obtained for this calculation 
19. Also to 
simplify the analysit, --! rý?,; ultst all measurements were made at the same 
frequency (50 MHz) with the same bias conditions and on the same transistor 
(a type 2N918). After a series of results had been obtained which showed 
poor relationships in the 3X3Y matrix (Table 5.6. ). a closer look was taken 
at. the jig and certain modifications were performed. 
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5.3'. Modifipd Transistor Jiq--and ComplPte Circuit 
The trouble which was highlighted by the application of results to Shekel's 
indefinite Y matrix was thought to stem from the common lead impedance which 
provided a feedback voltage on each terminal in turn, as each was made the 
common terminal in the three configuration measurements. In effect, this 
amounts to measuring a different overall device in each configuration (Fig. 
5.17), This common impedance consisted of inductance within the device 
holder also capacitance and I resistance associated with the bias decoupling 
capacitor in the common lead. The inductance was caused by the wire lead 
and foil screen which connected the transistor common pin socket to the lower 
connecting ring at the base of the holder (Fig. 5.3a. ) 
This was a portion of the derived Xh in the equivalent circuit and amounts 
to some four or five ohms reactance at 100 MHz, These may seem low impedances 
but when the common electrode impedance of the device is as low as 6-ex. 
(emitter) this series impedance can introduce significant errors. 
it was thus decided to introduce the bias via the output port instead of 
the common terminal so that the decoupling impedance would only affect the 
5OAtermi'nation seen by the device and if the need arose this could be 
compensated for mathematically 
8 thus improving the measurement accuracy. 
To introduce the bias supply directly via the inner conductor of the output 
port was thought very difficult as the -drcoupling has to operate over the 
whole frequency range (10 kHz to 100 MHz), Furthermor69 it was considered 
undesirable to have to compensate mathematically for any variation from a 
50j%. Joad impedance if this could be avoided because complicated impedance 
transforms would be involved, Thus, it was decided that the bias could best 
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be introduced into the outer conductor of the coaxial system and thus supply 
the device via the 50--w termination. The output bias supply decoupling 
section is shown in Fig. 5.18. It was constructed with a 19.05 mm (211) 
Woods-connector at either end so that it could be introduced between the 
interface of the Jig Output port and the 50--t- termination without any further 
alteration to the existing jig. ThF, -- decoupling elements comprise four 
15V. 4-F tantalum capacitors equally spaced around the flanges F and in the gap 
between the two flanges, four Hi-K ceramic chip capacitors, each of 0.05ýAF, are 
saddwiched. Contact between these brittle chips and the brass sections was 
made as previously explained using silver loaded Araldite resin. 
Tests were then made t9 compare the performance of the 50-rLtermination 
with or without the jig dBCDupling section attached. The results of the 
measurements made using the G. R. 1609 UHF Bridge from 50 - 100 MHz are shown 
in Table 5.7. 
As can be seen they show a marginal improvement of the termination 
performance with the jig decoupling section attached; howeverv this 
improvement is within the uncertainties of the 1609 Bridge so that it can be 
taken that no measureable difference arises through using the output decoupling 
section. Less accurate checks an the decoupling section plus the 50--n- 
termination were performed from 0.5 MHz to 100 MHz using the Hewlett Packard 
HF Vector Impedance Meter 4815A, This gpkte a steady reading Of 50. ZLLO 0 over 
the whole frequency range* The same results were obtained from 10 kHz to 
0.5 MHz. with the Hewlett Packard LF Vector Impedance Meter 4800A. Thus 
it was felt that the performance of the output decoupling section was more 
than adequate and that no mathematical compensation for variations of the 
terminating impedan. ce was required. The inductive decoupling elements used 
for common terminal bias injection were modified for the output bias injection. 
The graph of the rejection ratio V's frequency obtaineifor the output bias 
section is shown in Fig, 5,19. 
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TA8LE5.6. 
y 
11 
y 11 
c 
2.14 + J3.39 
. 068 + J4.64 
y 12 
c 587 - j4,44 y 12 
e 0095 - J. 025 
b y 11 87.7 - j4O. 9 
y 21 -40#8 - J24.6 - yb 12 015 - j. 318 
y 22 
c 33.9 + J32,3 
y 22 
e = . 047 + J. 199 
e y 21- 50.97 - J18.8 
b y 21 79.1 + j46,2 
b y 22 = *074 + J. 509 
Shekel's Matrix-. Y Parameters calculated from Data obtained using 
the Mark I Jig and Equivalent Circuit of Fig. 5.14, 
TABLC5.7.. 
Frequency 
f(MHz) 
Jig & Termination 
Admittance (mS) 
Termination 
Admittance (mS) 
50 20,02 + J*22 20.06 + J. 44 
60 20.06 + J. 22 20.12 + J. 44 
70 20,06 + J. 18 20.12 + J. 33 
80 20,06 + j. lB 20.15 + J. 33 
90 20.12 + J*15 20.20 + j. 33 
100 20.12 + j. 13 20.24 + J*33 
Comparison of Terminating Impedance With and Without Output 
Decoupling Oig Section. 
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The now decoupling arrangement considerably reduced the impedance in series 
with the common terminalf however, the inductive impedance introduced by the 
holder still remained. A change in the holder design to minimise this 
impedance is detailed in Fig. 5*20. The Mark II holder consists of a lower 
profile body so that lead lengths to the input and output terminals are 
decreased as well as the inductance of the common terminal post (A in Fig. 
5.20). The common terminal post is bonded to the earth plate (formerly 
the decoupling plate before' this modification) and provides a pivot around 
which the holder can rotate. Connection to the common terminal post is 
made via a transistor pin socket which is set at its centre so that an 
rotation of the holder the device need not be withdrawnt the common lead 
rotating within the pin holder. This post projects only J4-11*above the level 
of the earth plate and being of relatively large diameter provides an extremely 
low impedance path to earth. The ring at the base of the capsule used in 
the previous design was retained as a screen connection to earth (if required) 
and as a mechanical steady for the holder. Holders were produced for the 
more popular transistor lead configurations and for the common emittert 
common base and common collector measurement configurations. The pitch 
circle an which the lead sockets are set is approximately halfway between 
the 2,54 mm of the TO. 1B and TO, 72 encapsulations and the 5.08 mm of the 
TO. 5 encapsulation so that they could accept either type as previously 
described. The holder also accepts plastic I'silect" types by bending the 
leads# 
Measurements made using the Mark II holder in short-circuit conditions 
showed that the loop impedance between the V1 probe position and ground had 
been reduced. Previously this loop impedance (under short-circuit conditions) 
was measured at 1.41 + J9,435 ohms at 100 MHz. The measurements on the 
Mark 11 holder without the common terminal bias decoupling gave the loop 
impedance as (0.36 + J3.5)-A-. The greater portion of this impedance is due 
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to the length of inner conductor from the V1 probe to the device via the 
holder rather than the impeaance of the common terminal to ground and can 
thus be accurately compensated. A list of the residuals for the modified 
jig are given in Table 5.8. 
To aid calculation of the 5 parameters and to avoid introducing too many 
variables into the computor program (Chapter 7) the residuals in each 
of the holders were adjusted until they were all identical* 
ihis involved 
soldering small beryllium copper strips to some of the terminals inside the 
holders to equalise the capacitance to earth of the input and output 
connections to bring them to a common value. Thus the capacitances had to 
be brought up to the highest value rather than equalised to some intermediate 
one. This value was 1.43 pF. 
Another modification which was made at this time was the addition of d. c. 
blocking capacitors to the three probe position6. Voltage measurements, 
up to this time had been made using the Hewlett-Packard Vector Voltmeter, 
the probes of which are a. c. coupled So that the bias supplies did not affect 
them* Howeverg lower frequency and swept frequency measurements were to be 
made using the Hewlett-Packard Network Analyser 675/676A with 1123A High 
Impedance Probes* This equipment was d. c. coupled thus blocking capacitors 
had to be used. Those supplied with the high impedance probes increased 
the shunt admittance of the probes to a value that could not be compensated 
by using an undercut inner section, thus the blocking capacitors and capacitor 
mounts shown in Fig. 5.21 were used. Each of these consisted of a 1000 pF 
ceramic chip capacitor sandwiched between two brass plates. The lower 
plate was threaded and soldered to the inner conductor at the measuring 
position, the upper plate was shaped to receive the probe tip and this 
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was clamped on to the capacitor by means of a screwed paxolin retaining ring. 
A small dab of silver loaded Araldite was placed on either side of tho chip 
capacitorg care being taken so that it was not shorted out, and this was then 
lightly clamped between the two plates with the paxolin ring. After four to 
six hourst when the resin was semi-hard, the ring was clamped up tight and 
then the resin was allowed a further two days to harden. In this way good 
electrical contact was made to the chips and good mechanical strength supplied 
by the paxolin clamping ring. 
Measurements made of the probe shunt capacitance wittt. and without the 
blocking capacitor attached shown no measureable difference on the 1123A High 
impedance Probes or the Vector Voltmeter probes. 
The dielectric supports used in the construction of the jig warrant a 
detailed discussion of the designt especially the support used on the output 
port of the jig as it is here that the device must see a 50-A-terminating 
impedance@ Thus the support must introduce no discontinuities into the 
50_r, characteristic impedance transmission line system. The design of these 
was arrived at as follows: - 
Firstv the ratio of the inner to outer radii at the support must be 
determined and chosen to have the same characteristic impedance as the 
transmission line system; with reference to Fig. 5.22 (a). 
1 
13B, 02 log, C).. L = 
138.02 oglo 
a 
( E= dielectric constant) 
Once the t! ratio has been determined from this equation there are three 
a 
ways of implementing it; to overcut the outer conductor, to undercut the 
inner conductor or both. The discontinuity introduced by overcutting the 
outer conductor is greater than that of undercutting the inner conductor. 
However, the capacitive discontinuity created by undercutting the inner and 
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overcutting the outer is not a linear function of percentago cut for a given 
b ratio) thus there is an optimum configuration as shown in the graph 
a 
Fig. 5.22(c)o It can be seen from this that the minimum capacitive discont-ý 
inuity occurs when depth of the undercut d is apprDXiMately equal to 3 times 
the depth of the overcut c i. e. d= 3c. This result is not too critical as 
can be seen from the graph, but it does mean that the dielectric support 
can be located accurately by the inner and outer conductors and holds them 
firmly in their relative positions. 
Finally, having found the values of a' and b' the remaining discontinuities 
may be eliminated by cutting annular grooves from either side of the support 
as shown in Fig. 5.22(b). The depth of these grooves must be determined 
experimentally for the particular transmission line parameters concerned 
by T, D. R. or V. S. W. R. measurements. For a PJ. F. E. support in a 19,05 mm 
line as was used in the jig, the annular grooves had a depth f of 0.01211 
with the width g of the annulus slightly less than that of the air gap 
between the inner and outer (0.0111 less). The design of the support used 
in the jig is shown in the diagraM of Fig05,22(b), 
The final design of the transistor 5 parameter jig is shown in Fig. 5.22(a). 
This includes all the modifications discussed above and has been completely 
characterised regarding residual admittances and impedances to fit the 
equivalent circuit shown below it in Fig, 5,23(b), 
S parameter measurements made on transistors in three configurations with 
this design and transformed to Y parameters showed better agreement when 
inserted in the Shekel matrix. There were no anamalous sign changes over the 
frequency ranget however, the "sum to Zero" property, although improved, was 
still not as good as expected, This is not due to design of the jig nor to an 
inadequate equivalent circuit. The reason for this is discussed fully in 
Chapter 8 Section 1. A point so'far not dealt with is the movement of 
the probes to make the three voltage measurements (V 09VI and 
V2). As the 
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instruments used are two channel instruments, only two probe positions are 
occupied at any one time. Thus the equivalent circuit is not applicable 
and errors would be introduced. To overcome this a dummy probe was made 
up for each instrument with the same admittance as that instrumenes probosp thus 
when the proýes are moved to make the three voltage measurementsg the position 
of one probe and the dummy probe are interchanged. In this way the same 
equivalent circuit is maintained for all three voltage measurements, 
TA8EE5.8 
MARK II JIG RESIDUAL PARAMETERS 
frequency 
(ý)(Mz) 
RH 
-11%. 1 
xH 
-il- 
Ch 
lb F 
. 02 -0,, 4 1.42 
51 - 05 . -. 02 1.42 
10 07 +, 04 1.42 
20 . 09 +*2 1.42 
30 09 +118 1.42 
40 +108 1.42 
50 +2.4 1.42 
60 14 +2.9 1.42 
70 17 +3.1 1.42 
80 . 21 +3*3 1.42 
90 , 28 +3.4 1.42 
100 . 36 +3.5 1.42 
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CHAPTER 6 
S PARAMETER MEASUREMENT 
1. Measurinq Instruments and Equipment used with the Wideband Oicl 
There are two sets of measuring equipment used to cover the frequency range 
of the wideband jig* The Hewlett Packard 8405A Vector Voltmeter with the 
Hewlett Packard 8601A Sweeping Signal Generator comprise the simplest 
arrangement. This covers the frequency range from 1- 100 MHz, The other 
set-up is the Hewlett Packard 675A-676A Network Analyeer, which covers the 
frequency range lOkHz - 32MHz. 
In both these measurement arrangements the d. c. equipment remains the same. 
The switching circuit shown in the previous Chapter 4.12 allows the correct 
polarity to be switched to the transistor in whichever configuration it is 
ing also one supply provides the emitter - bass voltage and the other, the 
base - collector voltag. e. Little adjustment is required when the device is 
reversed as the power supply is also switched to maintain the same'supply 
between base-collector and base-emitter electrodes. Howeverg minor adjust- 
ments are needed because of the change in impedance levels between the series 
resistor and the 50. ^. termination. 
_6.2. 
blideband Ji 0 eration with the Vector Voltmeýer 
6,2*1* Vector Voltmeter - Principle of Operation 
The Vector Voltmeter iss a tuir-ý-h? nnpl. Initrument that provities voltage 
and phase information simultaneously over a 1-1000 FHz frequency rangee 
it ist howevert a frequency selective instrument and requires tuning to 
the input signal frequency, The tuning is semi-automatic with a manual 
course Control and automatic fine toing over an octave bandwidth. The 
instrument phase-locks to the largest signal within its tuning range and 
will indicate the r. moso voltage at this frequency IkHz. The signal 
for the phaselock is derived from the A probe input to the instrument, 
99. 
a minimum signal level of 1,5 mV being required from 1-10 MHz9 300)JV from 
10 to 500 MHz and 500 jjV from 500 - 1000 MHz. The phase displayed is that 
between the signals at the A and B probes, and can be read with a discrimina- 
tion of 0.1 degree. The voltage readout is over nine ranges of 10 dB from 
100 )jV fsd to 1Vf, s, d. with a maximum sensitivity of 10 )jV on the 8 probe. 
The front panel of the instrument is shown in Fig. 6.1. Although the 
instrument requires course manual tuning it can provide swept-frequency 
measurements over an octave bandwidth; small peaks show up every 1,6 MHz as 
the instrument automatically retunes-and as this retuning takes some 10 - 20 ms 
the sweep speed must be kept well below this rate. 
The operation of the Vector Voltmeter provides some further advantages not 
at first'evident. The instrument uses a sampling technique to reconstruct 
the measured waveform at a lower constant i. f. frequency (20 kHz) and it 
provides access to this reconstructed signal via two sockets at the rear of 
the instrument. The advantage of this is that these waveforms can be 
displayed on an escilloscope so that the onset of distortion can be observed 
and non-linearity due to incorrect signal level avoided. 
6.2.2. Vector Voltmeter - Setting ue Procedure 
The Vector Voltmeter is an extremely convenient instrument to use requiring 
only the phase to be set up. , 
This is achieved by applying the two Vector 
Voltmeter probesp with isolators attachedg to the same signal point 
simultaneously via a tee, then by means of the phase-zero front panel control 
adjusting the phasemeter to read zero degrees. The isolators must be used 
here as the sampling pulses of the two probes would otherwise interfere. 
The phasezero is best checked before and after every run, 
6.2,3. Vector Voltmeter - Measurement Procedure 
A block diagram of the measuring system using the Vector Voltmeter is shown 
in Fig, 6,2, The base collector and base emitter voltages are set up on the 
twin transistor power supply and the d. c, switching unit set for the appropriate 
100. 
4)8', 0S'AVECTCll? ViltrMFILL 
FtArqf MH. RMf VOLTS of Us + 
s IkPC UN1.0090 
/0 I. 
0 
I 6- 0, 
-Is 
b 
/I 
PROBE LINE 
A FUSK F-F 0-/o 
"V-RAMqE-J8 CHRNNEL 10 30 AAN41L. MEMKOFf eT 
I 
A. m. R Ef. A8 
1ý'-30 
10 
1 
'o too 
-50 to 
-60 
is -t $0 t 6010 
S . -+ 
, 
-71 10 4 
.1 1000 
F. 
RQN7-PANFL OF 
Cralk VV%TP%IýUk 
oil 
SANA- 
--pý E, 1 ý- 
III 
ou oI 
-PACkARD 
00 
0 00 
Avg I 
E7,76 
VA. swna-j 1(my 
Vo 
Vi4r[Al- VOLIMETC 
D. (_ 
ODWIEK s«OPLY &IN. t 
" 
19 tV 
F* 61. GLOCK PhikAM 091HE VECTOtt VOLTMEleg 11Gg$t4K'Ipj5 SySTLtpl 
.I 
101. 
configuration in which the transistor is to be measured 
(common baset emitter 
or collector), The appropriate holder is inserted into the jig and 
the 
transistor inserted into the holder. The d. c. bias is then switched on 
and final current and voltage adjustments made using a digital voltmeter 
measuring directly at the transistor terminals by means I of spring-return 
contacts mounted in the side of the transistor jig central square section, 
A signal of 5-10 MV is then fed into the jig via the series bias injection 
section* The A probe 6f the Vector Voltmeter is placed in the V0 measuring 
position thus providing the phase re. ference at this position and measuring 
Voe The B probe is placed in the V1 position whilst a dummy probeg with the 
same input characteristics as the other probesq is placed in the V2 position, 
The V0 and V1 voltages are then recorded together with All the phase angle 
between them. The 9 probe and the dummy probe are then interchanged and 
V2 and A 2' the phase angle between 
V2 and V. 9 recorded, In this way no 
change occurs in the values of V1 or V2 when the other is being measured. 
The bias is then switched off and the transistor holder rotated through 180 a 
thus presenting its output port to the excitation signal. The d. c. 
switching unit is then set to 'reverse' for the configuration of the 
measurement and the d. c. bias reapplied. Minor adjustments are again made 
to ensure that the bias conditions have not changed and a second set of data, 
Vo 
r9 
V1 
r' 
V 2r 9A 1r and A 2r obtained as 
described above. Other sets of data 
are then measured at different frequencies or d. c. bias levels. 
Depending on the measurement configuration it was sometimes necessary to 
increase the r. f. input level when the transistor was measured in the reverse 
directiont as the voltage level at the V2 probe would otherwise drop below 
the level necessary for good didcriminationt the noise level being 10JJV. 
When the probe signal contained a large proportion of noiset the phase would 
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lose stabilityq thus it was desirable to keep the V2 voltage above approximately 
30jjV. At the low frequency end of the instrument range (lPlHz) this would 
sometimes necessitate driving the output port of the transistor at levels 
up to 500 MV. 
6.2.4. Vector Voltmeter - Spurious Response 
A fault was found with the Vector Voltmeter operation which subsequently 
turned out to be a design fault inherent in all these instruments, This 
was interaction between the sampling pulses from each probe. Interaction 
between the sampling pulses is known to occur when both probes are joined 
to be same point and this is the reason why isolators are needed when the 
instrument is being phase zeroed. However, the interaction also occurs 
when the probes are separated by a resistor namely 7m, This is curious as 
no interaction occurs with the Pýobe isolators insertedt these are only 
150--ýseries resistors with a 2-3 pF shunt capacitance and Zm is almost 
dquivalent to his. The effect is most pronounced when a short circuit test 
is being carried out (see Chapter 5,2. ) to determine the jig residuals. 
The interaction shows up as a spurious resonance, the 8 probe voltage passing 
through a minima and the phase changing polarity. The frequency at which 
this occurs is dependant on the value of the inductive short circuit and the 
series resistor. The circuit under-which this occurý is shown in Fig. 6.3. 
This defect can be overccme by using the probe isolators on the probe tips 
during the measurement but the high shunt c3Dacitance (5 PF) of the isolators 
cannot be easily compensated by an undercut section. Furthermore, the 
isolators derate the accuracy of the Vector Voltmeter to 
t 6% of full scale 
on voltage and 
± 60 an phase. The spurious resonant frequency occurs between 
I 
;, I and 20 MHz and as the resonance is not of a very high Q 
(a typical resonance 
is illustrated in Fig. 6.4. ) mathematical compensation is used for this. 
It has been found that by adjusting the value of Xh for the best results 
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for S parameters with a short across the input terminals ( 1.00 Z 180') 
the effect of this fault can be minimised. The parameters most likely to 
be affected by this fault are 5 11 
b 
and S 22 
C9 as these are the two paramoters 
which are measured with the low impedance electrode (the emitter) on the 
input port of the jig. Indirectly, this will also affect S 21 
b 
and S 12 
C as 
the previous two parameters are used in their calculation. In the above 
a 
nomenclature the letter superscript indicates the common electrode configuration. 
6.3. Wideband Jig Operation with the 675A-676A Network Analyser. 
6,. 3,1, Network Analyser - Principle of Operation 
The Network Analyser System is composed of four separate instruments, 675A 
Sweeping Signal Generator, the 676A Phase/Amplitude Tracking Detector and the 
two 1123A high input impedance aptive probes. Also, as the output from the 
system is only in voltage formq either a dual beam oscilloscope or two digital 
voltmeters are needed to provide an output display. The 675A Sweeping 
Signal Generator provides two OUtPUtSq one covers the 0.01 - 32 MHz range and 
provides the device excitationg the second is supplied simultaneously from 
a rear connection and is from 100.01 - 132.1 MHz. This is fed into the 
676A Tracking Detector where it is converted to a 0,110 - 32.1 MHz sweep 
by means of a very stable 99,9 M`Hz crystal oscillator.. and a mixer. This is 
then mixed using a double balanced mixer with the input from the two channels 
of the instrument to produce a 100 kHz intermediate frequency which remains 
constant as the 0.01 - 32 MHz measurement frequen-, is bciriy swept. The 
input to each channel has an impedance of 50, m, thus high impedance probes 
are required to monitor the voltages of the measuring jig without causing 
excessive loading. The system is shown in block form inFig. 6.5. 
As this instrument operates somewhat differenfly from the Vector Voltmeterg 
there is no theoretical lower limit for either of the two channel inputs. 
if both channels are below 65 d8m the jitter which occurs limits the 
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performance of the instrument; however, few measurements are envisaged with 
both probes at this low signal level. The 0.01 - 32 MHz output of the 
Sweeping Signal Generator is fed straight into the Tracking Detector where 
it passes through, a power splitter and thence to the channel A and channel B 
r. f* outputso The Signal Generator is set for its maximum output of +13 dBm 
to provide a+2 dGm output at each of the channelsq both of which should be 
loaded with approximately 50-n-for the power splitter to function properly. 
The front panel layout of the network analysor is shown in Fig, 6,6, 
The system has a dynamic range of -80 dB relative to its maximum excitation 
0- d 
range of +2 dBmq and has a phase range of 0 360 " The system outputs are 
in logarithmic form with a d. c. level of 50 mV per dB. These outputs are 
Channel Aq Channel B and Channel A'- Channel B. As the log form is used, 
the latter corresponds to log A1B. The phase output corresponds to phase 
Channel A- phase Channel B and has a d. c. level Of 10mV per degree from 
0 to 3.6 V corresponding to 0 to 360 04, Excitation signal from týe analyser 
can be varied in 1 dB steps down to - 97 dBm which is far below the level of 
the noise in the system as well as the system dynamic range, The system d. c. 
outputs can be applied either to two digital voltmeters which then read 
directly amplitude ratio A/B and phase at a single frequency, or they can 
be applied to a dual beam oscilloscope together with the horizontal sweep 
output from the signpil gonaratcr tc pravide a swept display C; f amplitude and 
phase over any portion of its lOkHz - 32 MHz range, Sweep functions 
available are: - start - stop, (from two preset frequencies) and Af/f (with a 
variable swept bandwidth af from 2 kHz. to 10 MHz). 
6.3.2. Nntwork Analyser - Setting up Procedurn 
The whole system requIres setting up to provide equal gain and phase response 
in both channels* \ This is achieved in the following manner: - 
r 
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16 Apply jumper leads across both A and 8 channel inputs and outputs, 
Adjust the 675A for maximum output (+ 13 dBm)g this gives +2 dBm 
at the two 676A channel outputs. 
2. Adjust the channel A and channel 8 display outputs to +4.2 V 
using the two output preset adjustment controls. Measure the 
outputs using a digital voltmeter (D V M)q this also sots up 
the amplitude A-B output. 
3, Connect the DVM to the phase A-8 output and using the continuously 
variable phase Channel A., control adjust for minimum output 
(30 - 40mV). New readjust this for maximum output. Using the 
phase preset control adjust the output to read 3.6 V plus tho minimum 
offset, so that the variable range is 3.6 V (i. e. 10mV/ deg). 
This is the setting up procedure for the network analyser and gives outputs of 
I 
0.2 - 4.2V for the amplitude A and amplitude B outputs i. e. 5OmV/dB and 
-4 to +4 V for the amplitude A-9 output corresponding to 50 mV/dB from 
- 80 dB to + 60 dBo The phase output is 10 mV/deg. with a slight offset as 
described in 3* The active probes have now to be matched t*o be analyser. 
Connect the channel A power supply from the 676A to the Channel A 
active probe and connect the probe output to a0VM. Terminate 
I 
the probe input with the 50-n-feedthrough termination, then by 
means of the probe zero control adjust for zero dc output to the 
D-V Me 
Repeat 4 with channel 0 and channel B probe. 
6, Remove the channel B probe and replace it with a jumper lead between 
Channel B input and Channel B r. fe output* Connect the Channel A 
probe output to the Channel A input and the probe input to the Channel 
A r. f. output via a 50. ji-feedthrough terminationg as shown in Fig. 6.7(a). 
Connect the display A-B output to aDVM. This should read 0.0 V 
p 
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over the whole frequency range if the 1123A probe is correctly 
adjusted, if notq replace the DVM with an oscilloscope and obtain 
a swept display from 10 kHz to 32 MHz of the output. Remove the 
cover of the 1123A probe and with care adjust the mid-band and hf 
gain controls until a flat response is obtained over the whole 
frequency range* It may be found that there is a small offset an 
the display A-B output, if this is so, the above levelling procedure 
is best carried out using, the Channel A display output and levelling 
the response to 4.2 V over the whole frequency range, 
7. Repeat 6 with the Channel 8 probe, with the jumper lead across the 
. 
Channel A input and output, thus setting the two probes to have 
equal responses. 
B. Connect both probes as shown in Fig. 6.7(b) with their inputs 
connected to their respective rf outputs via 50-r%-feedthrough 
terminations* Again check for zero output from the A-B display 
output. (Or if the offset described in 6 is observed, check the 
A and 8 outputs separately for a 4.2 V level. ) 
With the probes connected as in B. display the phase A-0 output 
on the oscilloscope from 10 kHz to 32 MHz. This should be hari- 
zontal on the oscilloscope screen with a sensitivity of 0.1 V/div, 
varying not muiu, th--n 0.01 V over the whole frequency range. if 
this is not so, remove the covers of both probes and carefully 
adjust the middle and high frequency phase presets. to obtain the 
best frequency characteristic which should then be within the 
stated tolerances. 
The system is now set up and should require checking only once very two to 
three months. 
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6.3,, 3, Network Analyser - Measurement Procedure 
Measurements with this system were made as follows: - 
The A-B output and phase AB output were connected to two digital 
voltmeters the former via a51 voltage divider to obtain aDVM reading 
directly in dB. After approximately 30 minutes, the time required for 
676A to stabilisep the two probes were attached to the same point in the 
measuring system and by means of the continuously variable phase controlt 
the phase output set to a convenient. value (i. e. 1000). This was necessary 
because the analyser only measures relative phase difference not absolute, 
thus a reference output must be established. The measurement bias conditions 
were set up and the 0 probe placed in the V0 positiong the A probe in the 
vI position and the dummy probeg described in Chapter 59 in the V2 position. 
The amplitude A-B output and phase A-B output were noted, The A probe 
and the dummy probe were then interchanged and the Outputs were again noted. 
These measurements were. then. repeated with the device in the reverse direction 
to obtain the data for the S 22 and S 12 calculations. The measurements were 
taken at discreet frequencies of 1,29 39 49 59 69 79 89 9t 109 159 209 25 
30 MHz using the DVM outputs, For ease-of use when the optimum bias 
conditions were being obtained, a swept oscilloscope display was used. 
Fig. 6,8 shows a schematic diagram of the measurement arrangement for the 
network analyser using a swept display. 
6.3.4. Network - Anpl-yser - Lnw Lsvnl P; jsponse Anomalies 
It was found that when there is a large difference in the levels at which tho 
network analyser channels arc workingg bri3akthrough occurs an the active 
probe power lines due to inadequate decoupling. This phenomenon occurred at 
a frequency of 300 kHz and had some small effect up to 800 kHz thus the 
instrument has only been used from 1 MHz upwards, The breakthrough- 
manifests itself as an apparent resonance thus phase and amptitude are 
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affected. This has recently been improved by increasing the decoupling of 
the probe supplies and the system is now usable down to 100 kHz, 
-ý-Resistor 17 6,4, The Terminatin 
The standard resistor used for terminating the measurement jig, and with which 
the series resistor is standardised, is a coaxial type with a cylindrical outer 
conductor and a conical resistive inner. It is of 50. ^. resistance and is 
designed as-ýa precision coaxial, t(3rmination, for, 0.7511 transmission line 
systems. The'theory of the coaxial termination is best explained with 
reference to Fig. 6.9. This shows p coaxial transmission line terminated 
in a conical resistive film ABCD. Now when an electromagnetic wave 
travels over a resistive surface the electric field tilts away from the 
normal to"the resistive surface in the direction of propagation at an angle 
9 givan by: - 
n 
4,4/ ) .1 where/O is the surface resistivity and ZM /f)29 the wave impedance of 
the diLectric medium. Now for reflectionless propagation and for the 
termination to appear completely resistiveg the electric field must be 
undistorted'i. e. in this case remain normal to the outer conductor because 
is zero. Thus the semi-angle of the truncated cone mustIbe equal to 
The resistance of a truncated cone of semi-angle and surface resistivity fiý /10 
log 
eb 2 IT Sin a 6.2 
now if is made equal to & and 6.1 substituted into 6,2 we obtain 
z 
m log ab 2 Tr a 6.3 
which'is'the characterist'icImpedance I of a coaxial transmission line of 
the appropriate dimensions a and b. 
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Thus for a 50. ntransmission line system in 0.7511 diameter coaxial line 
the inner conductor radius is gi'ven by Eqn. 6.3. It only remains to 
choose suitable values ofL9 and/10 for the conical resistor to satisfy Eqn. 6.1. 
The resistor which was loaned by The Royal Radar Establishment has a surface 
resistivity of 30-A-thus the cone semi-angle is fixed by Eqn. 6,1, as 
40 34 1 as Z for air is 376.6-ru. The resistive element is a metal film m 
of nickel/chromium alloy which is vacuum deposited on to a flame polished 
borosilicate glass substrate which forms the cone. This then undergoes 
heat treatment'by'which" it is ann 6aled and final resistance adjustments 
made by slow oxidation of the metal film* The mounting of the resistor is 
shown in Fig, 6.10. The'end connections to the cone are made by gold plated 
end bands and fixing to the metal assembly is achieved by means of silver- 
loaded epoxy resin adhesive, 
The te mperature coefficient of the resistor is quoted as 0.00 2, lb/oC. and its 
stability measured over a period of 9 months was within 0906%* This measurement 
was performed on a Wheatstone bridge at d. c. and thus applies to the resistive 
film only* Howeverl the only changes which affect the rf performance of the 
terminationt but do not show up at d. co are dimensional changes in the resistor 
mounting and these are throught unlikely to occur, 
As described in the next anction the ser17: s resistor Z is calibrated in m 
terms of , this 50-r--terminationg thus the whole measurement accuracy is related 
to this-resistor and the linea 
- 
rity of the voltage measuring system* The 
accuracy of the absolute'voltages is only secondary as the ratios are 
measured in'all instances, System accuracy is also governed by phase 
measurement accuracy, but here again relative phase between two channels 
is all that is needed. '' 
1150 
6,5, Series Resistor Z Calibration 
The series resistor is calibrated using a simple comparitor technique. 
Consider the circuit of Fig* 6911. The current i through both resistors is 
v-vv 
01=1 
Z* 7 
ma 
v 
thus Zm=Z00- 1) 
6,5 
TA8LE6.1 
SERIES RESISTOR CALIPRATION FOR NOMINAL- 500SLand 50A RESISTORS 
frequency 
(MHz) 
Nominal 
500-r'- 
Nominal 
50 --r- 
1 501.6 + j17.33 49.8 + JO. 35 
5 500,7 + J14.8 49,79 + J. 061 
10 501.3 + J13.8 49.99 + J1,09 
20 501.4 + j14.4 49.97 + J2.21 
30 501.7 + j14.9 49.94 + J3.35 
40 501.1 + J16,3 50.10 '+ J4,4'9 
50 501,5 + J16,9 50,04 +- J5.6 
60 501.2 + j18*1- 50,07 + J6,69 
70 500,6 + J19.4 50ol9 , -+ J7*83- 
80 501*2, + j20,6 50.10 + JB. 93 
90 500,8 +J21.7 50,20 + J10,08 
100 501,1 + J22.5 49.94 + J11.56 
The calibration arrangement used must obviously resemble as closely as possible 
the mounting used for S parameter measurement because the resistive elerwnt 
2nelf, being only two-terminal, is not equivalent to the two-port coaxial 
resistor which is used in the S parameter jig as capacitance to ground is 
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Z-m 
included. here. The-two-port resistor has associated inductive and capacitive 
elements which are-'distributed over the length of the resistor rather than 
lumped at any one point. Thus no accurate equivalent circuit can be easily 
constructed and it has been found better to measure the resistor at the 
discreet frequencies atý''which-'the S parameter measurements are to be made. 
To ensure as accurate a representation as possible, the circuit terminating 
the. 
'ser, 
ies resistor Z must be a precision transmission line of 50. ^. character- m 
istic impedance which terminates in Z' which equals 50---, thus again an 
undercut section must be used to compensate for the, V probe capacitances 1 
The details of this section are identical to that described in Section 5.1. 
The calibration jig is shown in Fig. 6.12. The jig section from the r. f. 
input to the cleavage plane A-A of the Woods connector is that of the S 
parameter measurement jigg thus this first half of the resistor mounting 
introduces no transfer calibration errors. The second half of the mounting 
from A-A to D-B has been made as nearly as possible identical to the 
equivalent half of the mounting in the S parameter jig. The section from 
B-B to the termination has an impedance of 50-, --measured with the Hewlett 
Packard Vector Impedance Meter 4815A at 100 MHz. 
Calibration was made above I MHz using the Vector Voltmeterp the results of 
which are shown in Table 6.1. Only two values were found to be necessary 
(50---and 500-IL. ) to measure all devices that were encountered. A problem in 
calibrating the resistor below 1 MHz arose due to the linearity of the Network 
Analyser which is 
± 3dB. This can give a value ranging from 338-^-to 725-^- 
for the nominal 500---resistor which is obviously unacceptable. An example 
of this is easily shown. If the resistor exhibits its nominal value oý 
500-r-at a given frequencyq then the voltage ratio should be 11 :1 or 20,83dB* 
11B. 
A± 3dB error on this gives 23.83 dB or'17.83 dB which corresponds to values 
of Z of 725JL or 338-CL when the voltage ratio is used in the equation m 
I-- -1 1-I. Rm= 
(VV 
-C) - 1) 50 
However, the problem was overcome by inspection of the Vector Voltmeter, results 
and extrapolation to the lower frequencies. The validity of this extra- 
polation was chocked at frequencies from 10 kHz to 150 kHz using the low 
frequency AIM equipment which showed good agreement. The inductive 
component ofZm is almost insignificant below 1 MHz (the Vector Voltmeter 
lowest operating frequency) thus little error is introduced for say a 
10 - 15% error in the extrapolation of XM 
rl I- 
I- 
.1 
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CHAPTER 7 
CALCULATION OF RESULTS 
7.1. Calculation Procedure for Vector Voltmeter and Network Analyser Data 
The complete calculation of S Parameters from the voltage data obtained from 
the previously described measurements is detailed in this chapter. The 
calculation below is from data obtained from the Vector Voltmeter System. 
The calculation of results from the logarithmic output of the Network Analyser 
System is shown following this in the cases where it differs from the Vector 
Voltmeter Calculation. The residual. parameters which have been given 
previously in Chapters 5 and 6 are all shown in a set of tables. These are 
substituted into the computer programmes shown in Section 3 for the appropriate 
probes and probe fittings used. 
The equivalent circuit is shown again in Fig. 7.1 for convenience of reference* 
As shown earlier the input admittance of the unknown device is given by 
Yx ideal ý' Ym07.1 
where Y= ýL - 
z 
m 
however, this applies only to the ideal circuit and in this case would give 
the admittance which appeý 
6p are easily compensated 
Y 
V1 = 
Ym 
\1 
v1 
where Y 
Pi =Gp+ 
JW 
ars at the VI measuring point, Thus Cjq Cp and 
for by subtraction i. e. 
Y 
pj 7.2 
(C 
p+C 
Now the admittance at the testtorminals not allowing for the holder 
capacitance Ch is: - 
yy1 
TerM vy 
V1 
zh7,3 
where Zh is the impedance Rh+ JX h* 
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Now if the final compensation for Ch is made 
Y 
in 
y 
vi *-ýB 
y 
V1 
zh 
If Egn. 7,2 is substituted into Eqn. 7.4 we obtain: 
y 
ý(V 
1) -y pj yý jB 
ýst 
i -fi! " 
(vuo 
-i- yp j Z-, j] h 
7.4 
7.5 
Thus the input admittance of the device is known. Now using the expression 
Join S 11 =y0-y in y0+y in 
where Y. is 0.020S the normalising admittance (=. l/Zo)p we obtain 
vp- )- 
m(I-- P3 j 
vh 
Sy L-1- YM yp 
-9. _. 
I. 
_ 
Zh 
yP+yv-. Ypj 
v - (ýv -0 
V1-j 
11 h 
M 
(vi 
1-y0 
7,6 
The next step in the calculation is to obtain S 21 which from expression 
4.7 
appears to be simply 
S 21 
V2 
0+S 
v1 7.7- 
however, the V1 in this expression is assumed to be the V1 voltage at the input 
of the device and not at the V1 measuring point. This was a cause of error 
for soma time as mentioned in Chapter 5 and it caused results for S 12 an 
.dS 
21 
of a passive network to diverge with increasing frequency. The V1 voltage has 
thus to be transformed through Zh and Ch to obtain the corrected input voltage 
122. 
I 
at the device terminals. We shall call this V1,. Aslat this time, tho 
computer programme had been written and was in operation it was decided to 
introduce a correcting factor rather than disturb the programme unnecessarily. 
I 
By multiplying Eqn. 7.7 by V1 /V We Obtain the required results 
S 
21 = 
V2 
1 
(1 +S 11) 7.8 
v1 
I 
Thus the correcting factor is VA1" It can be shown that 
v11+ Zh (U + J(V +W Ch)) 7.9 
vI 
where U+ jV is the input admittance of the two-port, Y in' 
Thus the calculated value for Y in from Eqn. 7.5 must be used to correct the 
transfer Scattering parameter calculations. Mathematical compensation for V 2 
is not neededg as stated earlierg as the 501L termination seen by the device 
at the test terminals is adequately compensated, also, the probe is near 
enough to the device for phase errors due to line length to be insignificant 
0.5cl t 100 MHz). 
The calculations from the Network Analyser data are identical to those shown 
above with the exception of a preceding calculation to change the Ing data 
to the linear form. As can be seen by inspection of the previous equations 
only voltage ratios are neededl thus the required data for the above calculations 
is V /V and V /V plus the relevant phase information. As the V position 01210 
is used as the phase reference point the data measured is V1 /V 0 and 
V2 /VoO 
For ease of discussion let us call these B and C respectively remembering that 
these represent the ratios in decibel form, and let V0 IV I and 
V2 represent the 
voltages in linear form. 
123. 
Thus 
v1= 'Antilog 
7 10 
7.10 
and V2= Antilog 10 0 7 
0 
(70) 
and from these data and the phase data V0 /V I is obtained by'invertion and 
V2 /V 1 is found by 
division of the above two ratios. From this the S 
parameters are calculated as detailed for the Vector Voltmeter calculation* 
7.2. Flow Diaqramsof the Computer Programs 
Below are shown the flow diagrams for the two programs. These show the 
sequence of calculation used to obtain the S parameter results, The programs 
have evolved from simpler forms which were used and which included data for 
residuals and series resistor calibration with each sot of voltage data, 
The programme sequence-proceeds as follows: - 
1. Frequency is read and the computer then selects the appropriate values 
of Z M9 
Zh5 C: h' 
Cp and Gp for that frequency. 
-2* The selected value of 
Zm is then converted to the corresponding 
admittance Ym* 
3. The voltage and phase data are then read and S 11 and S 21 are calculated. 
4, The reverse voltage and phase data are read and S 22 and 
S 
12 are 
calculated. 
5. The S parameters obtained in A+ JB form are converted to polar form. 
6. The S parameters in both forms are then printed. 
7, The programme then continues at Ill until the input frequency equals 101 
1 
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Begin 
Read Z 
Calculate Y 
r Re-ad Frequency 
-f 
find residual da 
rfor 
frequency 
vv ad v 
13 
ý2-e 
Angle 1/Vj 
Angle V 2/V 
Loop fr 
s 
22 & 
k2 
calculpto S 
and 
S? l 11 
Does nsxt 
character =0 
es 
n 
Flow diagram for S parameter calculation from Vector Voltmeter data 
125. 
The flow diagram for the Network Analyser Programme follows much the same 
pattern as that of the Vector Voltmeter programme with the exception of the. 
preceding procedure to deal with the log data. 
Flow diagram for S parameters calculated from Network Analyser data. 
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7.3 Pronrams for S Parameter Calculation 
7.3.1 Vector Voltmeter Program 
Below is shown the program instructions in 1900 series Algol for the S 
parameter calculations from Vector Voltmeter data 
'begin' Select input (3); Select Output (0); 
I 
'begin' 'real' At Bt Cp Dj Pp Qq U, V) Gf Hj Wt X, T? Chart VOtVIy V2t Angle 1j 
Angle 21 Angle 3. Angle 4, Rm, Xm, Rhp Xh, Magone, Magtwo, Magthroeq Plagfourg 
Thetaq Phil Alphav Betaq Gpq Chp Kayl Teel Under, 0, All A29 A39 A4; 
I 'Integer' F; 
'Procedure Stage Two; 
'Begin' VO: = Read; V1: = Read; V2: = Read; Angle 1: = Read; Angle 2: = Read; 
Angle 3: = Angle 1/ 57.296 ; 
Angle 4: (Angle 2- Angle 1 /57.296 
A (VO COS (angle 3))/Vl 
B (-VO SIN (angle 3))/Vl 
-C 
(V2 COS (angle 4)) /Vi 
D': = (V2 *SIN (angle 4)) /Vi 
TEE P*(A-1) - Q*B - Gp; 
KAY Q*(A-1) + P*B - 2*3.14159*3*(Cp + C# 
UNDER: (1 + S*KAY -R*TEE) T2+ (S*TEE + R*KAY)t2; 
_. 
V: = (KAY*(l+S*KAY-R*TEE) + TEE *(S*TEE+R*KAY)) / UNDER - 6.283180 *J*Ch; 
U: = (TEE *(l + S*KAY-R*TEE) - KAY* (S*TEE + R* KAY)) / UNDERi - 
G: (0.02 42 - U+ 2- V*f 2) / ((0.02 + U) +2 2) 
H: -2 *V *0.02)/((0.02 +U) t2 + V12); 
Al: = C*(l+G) - D*H; 
A2: = D*(l+G) + C*H; 
A3: =1 + R*U - S*(V+2+3.14159 * J. * Ch); 
A4: = S*U+R*(V+2*3.14159 *3* Ch); 
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I If If 
W: = Al * A3-A2*A4; 
X: = A2*A3+Al*A4; 
'End'; 'Begin' 
Write Text 
TRANSISTOR % SCATTERING %. PARAMETERSIf j'o FOR % 
TYPE BS MEASURED rif a ON %H lei P% VECTOR % VOLTMETER. 
1(123S')' S 11 1(126S')' S 'it 21 26Sl)l S% 22 26Sl)l 
S% 12 
STAGE ONE: F: = READ; 
'IF' F=1 'THEN' 'BEGIN' Rm= 49.8; ' Xm= . 3485; 
Cp : =*98&-6; Rh: = . 02; Xh: = . 4; 'END'; 
'IF' F=5 'THEN' 'BEGIN' Rm: = 49.798; Xm: = 6098; 
Gp: = . 7&-5; Rh: =. 05; Xh: = -*02; 'END'; 
'IF' F= 10 'THEN' 'BEGIN' Rm: = 49.994; Xm: = 1.092; 
Gp: = 1.35&-5; Rh: = . 07; Xh: = . 04; 'END'; 
1IF1 F= 20 ITHENI 'BEGIN' Rm: = 49.975; Xm: = 2.214; 
Gp: =3,78&-5; Rh: =. 09; Xh: = *2; 'END'; 
'IF' F=30 'THEN' 'BEGIN' Rm: = 49.944; Xm: = 3.346; 
Gp: =5,68&-5; 
_Rh: 
=. Og; Xh: = . 8; 'END'; 
'IF, r= 40 'THEN' 'BEGIN' Rm: = 50.0998; Xm: =4,491; 
Gp: = 7,8&-5; Rh: =, I; Hx: =I, B; 'END'; 
'IF' F= 50 'THEN' '"U'LGINI Rm: = bU. U4k5; Xm: = 5.6136; 
Gp: = 1.17&-4; Rh: = 11; Xh: =2.4; 'END'; 
'IF' F= 60 'THEM' 'BEGIN' Rm=50oO765; Xm: = 6.695; 
Gp: = 1.48&-4; Rh: =. 14; Xh: = 2.9; 'END'; 
1IF1 F= 70 'THEN' 'BEGIN' Rm: =50*195; Xm: = 7.833; 
Gp: = 1.91 & -4; Rh: =. 17; Xh: = 3.1; 'ENDI; 
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'IF' F= 80 ITHENI 'BEGIN' Rm: =50.1; Xm: =8,933; 
Cp: =2.47&-4; Rh: =. 21; Xh: - 3.3; 'END'; 
'IF' F=90 'THEN' IBEGINI Rm: = 50.199; Xm: =10,079; 
Gp: = 2982&-4; Rh: =-28; Xh: =3.4; 'END'; 
'IF' F= 100 'THEN' 'BEGIN' Rm: --49.936; Xm: = 11.5635; 
Gp: =3.79&-4; Rh: = . 36; Xh: = 3,5; 'END'; 
T: =Rmt2 + Xmt2; 
P : =Rn. /T; 
-Xm/T; 
3 : =F ; 
STAGE TWO; 
'BEGIN' 
'IF' ABS (H)> ABS (G) -'THEN' THETA : =. 1.57079 - ARCTAN(ASS(G)/ABS(H)) 
IELSEI 'IF' G=O ITHENI 'BEGIN' MAGONE := THETA :=0; IGOTOI L 'END' 
'ELSE' THETA ARCTAN (ABS (H) / ABS (G)); 
MAGONE := SQRT (Hf 2+ Gf 2) ; 
lIFt G(O 'THEN' BEGIN' 'IF' H40 'THEN' THETA 3.14159 + THETA 
'ELSE' THETA := 3*14159 - THETA: IENDI 
'ELSE' 'IF' H40 'THEN' THETA : =692832 - THETA: 'END' 
'BEGIN' 
OIFI ABS (X): ý-ABS(W) 'THEN' PHI :=1.57079 - ARCTAN (ABS 
(U, )/ABS(X)) 
-Gltll, l MAGTWO PHI t- =0: IGOTDOL 'ENDO 'ELSE' 'IF' W=D 'THEN' 40L 
'ELSE' PHI: = ARCTAN (ABS(X) / ABS (W)); 
MAGTWO := SQRT (Xt2 + WP2); 
'IF' Wco OTHENI 'BEGIN' 'IF' XcO 'THEN' PHI: = 3.14159 + PHI 
'ELSE' PHI :=3.14159 - PHI: 'END' 
IELSEI 'IF' X-CO ITHENI PHI :=6.2832 - PHI ; 'END' 
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; 'BEGIN' , 
NEWLINE (3); 
PRINT (F. 0.11) : SPACE (2) 
PRINT (G. Q. 3) :,. SPACE (1) 
PRINT (H. 0.3) SPACE (2) 
PRINT (W. 0.3 SPACE (1) 
PRINT (X. 0.3 'END' 
IBEGINO STAGETWO 
'IF' ABS (H)> ABS (G) 'THEN' ALPHA 1.57079 - ARCTAN (ABS(G)/ABS(H)) 
IELSEI 'IF' G=O ITHENI 'BEGIN'. MAGTHREE: =ALPHA: = 0; IGOTOI L 'END, 
'ELSE' ALPHA = ARCTAN (ABS(H) ABS(G)); 
MAGTHREE SQRT (Hf, 2 +G t2); 
'IF' G<O 'THEN' 'BEGIN' 'IF' H<O $THEN' ALPHA :=3.14159 + ALPHA 
'ELSE' ALPHA :=3.14159 - ALPHA: IENDI 
'ELSE' 'IF' WO 'THEN' ALPHA: = 6.2832 - ALPHA : 'END'; 
'BEGIN' 
'IF' ABS (X) --- ABS (W) 'THEN' BETA := 1957079 - ARCTAN(ABS(W) / ABS(X)) 
'ELSE' 'IF' W=O 'THEN' lBEGlNl VIAGFOUR := BETA 0; IGOTOI L 'END' 
'ELSE' BETA := ARCTAN (ABS (X) ABS (W)); 
MAGFOUR := SQRT (Xt2 + bflý2); 
'IF' WQ 'TH EM' 'BEGIN' 'IF' X<O ITHENI BETA :=3.14159 + BETA 
'ELSE' BETA : =3,14159 - BETA 'END' 
IELSEI 'IF' X1,0 'THEN' BETA 6.2832 - BETA L; IENDI) 
SPACE. (4); 
PRINT (G9093 SPACE (1) 
PRINT (Hq 02 3) : SPACE (2) 
PRINT (Wq 01 3) : SPACE (1) 
PRINT (Xf Of 3) ; NEWLINE (2) 
130. 
BETA: = BETA * 57.296 ; 
ALPHA := ALPHA * 57.296 ; 
PHI := PHI * 57.296 ; 
THETA := THETA * 57.296; 
SPACE (12); 
PRINT (MAGONE9 0.3) SPACE (1); 
PRINT (THETA. 3,1) SPACE (6) 
PRINT (MAGTWO9 0,3) S"PACE (1); 
PRINT (PHII 3v 1) ; SPACE (9); 
PRINT' (MAGTHREE, 0.3) ; SPACE (1); 
PRINT (ALPHA 9 39 1) SPACE 
(6) 
PRINT (MAGFOUR9 09 3) SPACE (1); 
PRINT (BETA 39 1) ; SPACE (5); 
CHAR := NEXTCH ; 'IF' CHAR #0 'THEN, IGOTOI STAGEONE; 'END'; 
I END' p, 
'END' ; 
In this program the values of Cj9 Cp and Ch which are constant with 
frequency have not been given numerically but have been indicated algebraically 
for convenience. The values of these residu4ls are C=2.94pFl Ch=1.48pF 
CP is given, together with GP in Table 7.1 for the particular probe attachments 
used. When inserting these values in the program it must be remembered that 
the frequency is expressed in Megahertz, thus the numerical values for CA 'I Ch 
and CP must be expressed in microfarads instead of farads i. e. C 2.94 x 10-6 
and Ch=1.48 x 10-6 etc. 
The program output via the line-printer is in terms of S parameters in 
cartesian and polar form, the latter being more convenient for Smith Chart plots. 
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Rosults are. obtained at certain set frequencies for which an accurate cali- 
btation of the jig has been made, these frequencies are 1,51 10,20,309 
409 509 609 709 00y 90, and 100 MHz. As can be seen only a scant coverage 
is made of the lower decade as this is covered more fully by the Network 
Analyser programf details of which are given later. 
The input data has to be in the order shown below and is fed in using 
punched cards. These are more convenient than paper tape as one complete 
set of data is punched an one card making checking and handling easier. 
INPUT DATA 
Frequency V0v1v2 Angle V1 Angle V 2/ v ov 
v ir v 2r Angle Angle (MHz) /V 
0, 
v0v 
ir/V 
ov 
v 2r/V 
or 
These data produce one. set of S paramoters at one frequency. A space is 
left in the output title for the transistor type number and identification 
numberl the d. c. operating conditions may also be included in the program 
if desired by the addition of two print statements; howevar, they have been 
left out for convenience as the data would then no longer fit on to one card 
if they were included. 
7.3.2. Netwnrk Analyspr Pronram 
Below is shown the listing of the program in 1900 series Algol for S 
parameter calculations from the Network Analyser data. 
I BEG INI WAL' A, B, Cq D, RM9 XMI RH, Qj U, V, G, H, W, Xg Tq CHAR9 LOGI, 
LOG29 ANGLE11 ANGLE2V ANGLE39 ANGLE4. GP, MAGONE, MAGTW09 MAGTHREEI 
MAGFOURI THETA9 PH19 ALPHA, BETA, XH, CH, KAY9 TEEN, UNDER, 39 MEs YOU9 RATIO1 
RAT1029 ANTIll ANT129 Pq A19 A21 Op A4; 
IINTEGERIF; 
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'PROCEDURE' STAGETWO; 
'BEGIN' LOG1: =READ; LOG2: =READ; ANGLE1: =READ; ANGLE 2: = READ; 
ANGLE 3: = ANGLE 1 57.296 
ANGLE 4: = (ANGLE 2 ANGLE 1 /57,296 
RATI01: =(LOG1)/20; 
ANT II: =1 OP (RAT 101 
RAT102: =(LOG2)/20; 
ANT12: =1O'1'(RATIO2); 
A: =COS(ANGLE3)/(ANTIl); 
B: =SIN(ANGLE3)/(ANTIl); 
C: =((ANT12)*COS(ANGLE4))/(ANTIl); 
0: =((ANT12)*SIN(ANGLE4))/(ANTIl); 
TEE := P*(A-1)-Q*B - GP 
KAY: = Q*(A-1), + (P*B) -2*3.14159*0*C +CP 
YOU: = (XH*TEE) + (RH*KAY); 
ME: = 1+ (XH*KAY) - (RH*TEE); 
UNDER: =MEI'2 + YOUt2 
V: = ((KAY*riE + TEE*YCU)/UNOER)-2*3.14159*3*CH; 
U: = (TEE*ME - KAY*YOU)/UNDER; 
G: =(0.0212 -Ut2-Vf2 (0.02 +U 4' 2+ V4' 2 
Hl: = ( -2 *V*0,02 ((0.02 +U )t 2+ V12 
Al: =C*(l+G) -D*H ; 
A2: = D*(I+G) + C*H 
A3: = I+ RH*U-XH * (V+2*3.14159*3*CH); 
A4: = XH*U+RH*(V+2*3.14159*3*CH); 
W: =Al*A3-A2*A4; 
X: = A2*A3 + Al*A4; 
IENDI; IBEGINI 
133. 
WRITETEXT 
TRANSISTOR % SCATTERING % PARAMETERS '/'j FOR 'If) '('C')' 
f TYPE '(IBSI)l MEASURED 'i"i ON r, "if H 'i'j P%NIETWORK '/"') ANALYSER. l(ICI)l 
F'f', '(KHZ) 1(115S')' Sýlj '(t26S')' S/o'21 '('26S')' S1ý22 1(126S')' 
S'/'0'12 1)1) ; 
STAGEONE : F: = READ; 
'IF' F=1000 'THEN' IBEGINI RM: =501; iM: =14; 
GP: =l & -5; RH: =. 02; XH: =. 035; 'ENW; 
'IF' F=2000 'THEN' 'BEGIN' RM: =501; XM: =14; 
GP: =. 95 & -5; RH: = . 028; XH: = . 07; 'END'; 
'IF' F= 3000 'THEN' 'BEGIN' RM: = 501; XM: = 14; 
GP: = . 92 & -5; RH: = . 035; XH: = . 1; 'END'; . 
'IF' F= 4000 'THEN' 'BEGIN' RM: = 501; XM: = 14; 
GP: = . 84 & -5; RH: = . 042; XH: = . 13; IENDI; 
'IF' F=5000 'THEN' 'BEGIN' RM: = 501; XM: = 14; 
GP: = 9*2 & -6; RH: = . 05; XH: = . 17; 'END'; 
'IF' F=6000 ITHENO 'BEGIN' RM: = 501; XM: =14; 
GP: = 95 & -5; RH: = 055; XH: = . 205; 'END'; 
'IF' F=7000 'THEN' 'BEGIN' RM: = 501; XM: = 14; 
GP: = 92 & -5; RH: = . 06; XH: = . 24; 'END'; 
'IF' F= 8000, ITHENI 'BEGIN' RM: = 501; XM: = 14; 
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GP: =. 871 & -5; RH: =. 063; XH: = . 28; 'END'; 
IIFI F; 9000 'THEN' 'BEGIN' RM: = 501; XM: =14.5; 
GP: =. 65 & -5; RH: =. 067; XH: = . 31 ; 'END'; 
'IF' F=10000 'THEN' 'BEGIN' RM: =501; XM: =14.5; 
cp: =. sB & -5; RH: =. 071; XH: =. 35; 'END'; 
llFl F=15000 'THEN' 'BEGIN' RM: =501; XM: =14.9; 
GP: =1.4&, -5; RH: = . 079; XH: = . 52; 'END'; 
1IF1 F=20000 'THEN' 'BEGIN' RM: =501; XH: =14.9; 
GP: =2.3 &*--5; RH: = . 087; XH: = . 69; 'END'; 
'IF, r=25000 ITHENt 'BEGIN' RM: =501; XH: =14.9; 
GP: =4.4 & -5; RH: = . 0,94; XH: = B3; 'END'; 
1IF1 F= 3000 ITHENO 'BEGIN' RM: =501; XM: = 14.9; 
GP: =5.67 & -5; RH: =. 097; XH: =, 98; 'END'; 
T: =Rrt2 + XMf2; 
P: = RM/Ti 
Q: =-XM/Ti 
3: = F; 
STAGE TWO; 
'BEGIN' 
'IF$ ABS (H)> ABS (G) 'THEN' THETA :=1.57079 ARCTAN(ABS(G)/ABS(H)) 
1ELSE1 'IF' G=O 'THEN' OBEGINI MAGONE := THETA 0; IGOTOI L 'END' 
'ELSE' THETA := ARCTAN (ABS (H) / ABS (G)); 
MAGONE : =SQRT (H`P2 + GV); 
'IF' G<O ITHENO IBEGINO 'IF' K0 'THEN' THETA :=3.14159 + THETA 
'ELSE' THETA : =3.14159 - THETA; 'END' 
'ELSE' 'IF' H40 'THEN' THETA : ý- 6-2832 - THETA : 'END' 
; 'BEGIN' 
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'IF' ABS (X);; ABS(W) 'THEN' PHI :=1.57079 - ARCTAN (ABS (W)/ABS(X)) 
'ELSE' 1IF1 W=D ITHENI IBEGINI MAGTWO PHI :=0; IGOTOIL 'END' 
'ELSE' PHI := ARCTAN (ABS(X) /ABS (W)) 
MAGTWO := SQRT (X12 + W+2 ); 
'IF' W,, D 'THEN' 'BEGIN' IIFI X40 $THEN' PHI: = 3.14159 + PHI 
'ELSE' PHI :=3.14159 -PHI; 'END' 
'ELSE' 1IF1 X<O 'THEN' PHI :=6.2B32 - PHI ; 'END' 
I 'BEGIN$ 
NEWLINE (3); 
PRINT (FtOfl); SPACE (2); 
PRINT (G1093) ; SPACE (1); 
PRINT (HI Ot 3) ; SPACE (2) 
PRINT (WpO93 ); SPACE (1) 
PRINT (Xi 09 3); 'END'; 
'BEGIN' STAGETWO 
lIFl ABS (H); "ABS (G) 'THEN' ALPHA 1.57079 ARCTAN (ABS(G)/ABS(H)) 
'ELSE' IIFI G=O ITHENO OBEGIN' MlAGTHREE: =ALPHA: =O; IGOTOI L 'END' 
'ELSE' ALPHA := ARCTAN (ABS(H) / ARS(G)); 
MAGTHREE := SQRT (Hf2 +G12); 
'IF' GO 'THEN' 'BEGIN' 'IF' H<O 'THEN' ALPHA :=3.14159 + ALPHA 
'ELSE' ALPHA :=3,14159 = ALPHA: 'END' 
'ELSE' 'IF' H<D 'THEN' ALPHA :=6,2032 - ALPHA: 'END'; 
'BEGIN' 
IIFI ABS (X)> ABS(W) 'THEN' BETA :=1.57079 - ARCTAN (ABS(W) / ABS(X)) 
'ELSE' 'IF' W=O 'THEN' IBEGINI MAGFOUR := BETA 0; IGOTOI L 'END' 
'ELSE' BETA := ARCTAN (ABS(X) /ABS (W)); 
MAGFOUR := SQRT (Xf2 + U12); 
1IF1 W <0 ITHENI 'BEGIN' 'IF' X<D 'THEN' BETA 3.14159 + BETA 
'ELSE' BETA :=3.14159 - BETA : 'END' 
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'ELSE' 'IFI. X<o ITHENO BETA :=6.2B32 - BETA ; L: 'END'; 
SPACE (4) ; 
PRINT (G9O93) ; SPACE (1); 
PRINT (H9013); SPACE (2) 
PRINT (Wq Of 3 SPACE (1) 
PRINT (Xq 09 3 NEWLINE (2) 
BETA := BETA * 57.296 
ALPHA := ALPHA *57.296 
PHI := PHI * 57.296 
THETA := THETA * 57.296 
SPACE (12); 
PRINT (MAGONE9 093) ; SPACE (1) 
PRINT (THETAt 3.1); SPACE (6) 
PRINT (MAGTWO9 09 3) SPACE (1) 
PRINT (PHIq 39 1) ; SPACE (9) ; 
PRINT (MAGTHREE, 09 3) ; SPACE (1); 
PRINT (ALPHAl 311) ; SPACE (6) ; 
PRINT (MAGFOUR9 0,3) ; SPACE (1) 
PRINT (BETA9 3019) ; SPACE (5) ; 
CHAR := NEXTCH; 'IF' CHAR 0 'THEN' IGOTOI STAGEONE; 'END' 
'END' ; 
'END' ; 
Again to clarify the operation of the programme CjsC P, and 
Ch have been 
expressed algebraically rather than numerically so that the program may be 
followed More easily. The values of these residuals are Ci=2.94pF, and 
Ch=1.48pFq the values for the Network Analyser probe residuals are given in 
Table 7,2. For the reasons given in Chapter 5 namely that the probe attachmonts 
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for the Network Analyser have too great a shunt capacitancaq no attachments are 
used with the probes thus only dotails of the probe itsolf are given in Tablo 7.2. 
In this program the frequency is expressed in kilohertz thus it must be 
remembered to express Cj, Ch' and Cp in millifarads i. e. Cj = 2.94 X 10-9 
. 
and 
Ch=1.46 X 10-9 etc. 
The reason for this change in frequency units is because in the program the 
frequency must be an integer for the selection of the compensation datag and 
as the computer has a limit of some 8X 10 
6 
on integersp the frequency cannot 
be expressed in Hertz. The order oý the input data in this programme is much 
the same as for the Vector Voltmeter Programme but as the voltages are already 
expressed in ratio form only 9 numbers are needed for each set of S parameters. 
These are 
vv. Iv 
2 IV/ r/V Frequency ET'! 
' 
C AngleV'/V Anqle /V Br. Cr- Angle v Angle 
0 ov 01 KHz 0 
where B and C are the Voltage ratios-VI/V 
* 
and 
V2 
/V expressed in decibel form. 
00 
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TABLE 7.1 
Frequency Probe Probe & Isolator Prc be -1- 1 0.0', divider I 
f(MHz) Gp(mS) CP(Pf) Gp(mS) Cp(pF) Gp(mS) Cp(pF) 11; 
1 . 0092 2.43 , 0095 5,84 . 0011 2.65 
5 . 0090 2.34 . 011 St58 90029 2*64 
10 . 0099 2,26 1015 5.47 . 0064 2,63 
20 . 0075 2,28 036 5.44 . 0125 2*61 
30 0074 2.27 . 091 5,50 . 0252 2.54 
40 0196 2.23 14 5,47 . 0445 2,54 
50 025 2.26 . 24 5.47 . 0627 2.56 
60 . 029 2.25 . 35 5.38 103 2,54 
70 . 043 2.26 46 5.42 . 116 2.53 
80 . 049 2., 26 62 5936 . 140 2.57 
90 . 056 2,29 . 75 5.34 . 178 2,60 
100 087 2.26 . 91 5.25 222 2*58 
Ave 2.28 Ave = 5.46 Ave 2.58 
VECTOR VOLTMETER PROBE ADMITTANCE 
These measurements were made using a Hewlett-Packard Vector Impedance Meter 
and were thus obtained in R Z8 form, This was converted to admittance and 
is expressed above in the parallel combination (Gp + jWC p) 
form, 
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TABLE 7.2 
Frequency Probe Admittance 
f(MHz) Gp (mg). CP (pF) 
.5 1010 
4.01 
,6 . 0095 3,90 
.7 . 0095! 3.89 
.8 1010 3.98 
19 0095ý 3.96 
1.0 00931 . 3.95 
2.0 0087 3,94 
3.0 *0086 3.99 
4.0 10080 4,04 
5.0 10089 4,05 
6,0 . 0091 3.95 
7.0 . 0091 3.95 
6.0 . 0087 3.97 
910 007B 3,94 
10 . 0087 3,98 
15 . 0130 3,96 
20 . 0220 3,96 
25 . 0382 3,97 
30 0517 3,92 
Ave =3.96 
NETWORK ANALYSER PRnBE ADMITTANCE 
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CHAPTER 8 
DISCUSSION OF RESULTS 
8.1. GENERAL POTNTS 
Owing to the problems with the Network Analyser equipmentg earlier measure- 
ments were limited to the 1 MHz - 32 MHz ranget for although the breakthrough 
problem occured at 300 kHz, it had an effect on the phase information uhich 
was not easily determinable and had some dependence on 'the impedance level 
of the system at the probe points, This diminished with increasing 
frequency so that at 800 kHz it was no longer significant. Improvements 
to the probe decoupling have since improved the range 
100 kHz. The Vector Voltmeter useful range is 1-1001 
frequency limit of 100 MHz was only arbitary and with 
would probably operate up to 150 or'even 200 MHz with 
of the bias network inductors. Thus the measurement 
100 MHz was duplicated over the 1-32 MHz range. 
of the system down to 
3 MHZ. The jig's'high 
proper calibration it 
a change in the values 
ranp of 100 kHz to 
Measurements were made almost exclusively on one transistor type so that ' 
familiarity with this deviceg its operation characteristics etc. 9 would lead 
to a better evaluation of the measurement system itself. Howeverl care was 
also taken to ensure that the system was not built exclusively around this 
one device. S parameters for other devices were also obtained and are 
quoted later in this chapter. The device used to study the jig operation 
was the type 2N918 NPN small signal transistor. Ten of fhcn; - were used so 
that any "freak" characteristics due to a "rogue" device could be identified 
and eliminated in the evaluation of the results. Also for an initial system 
test a passive network was used to show up any obvious problems that might 
arise when dealing with the active devices. 
8.2. Results of Short and Open Circuit Tests 
The short and open circuit checka used to calibrate the series residuals of 
the jig are also used at regular intervals to ensure that these residuals had not 
141. 
changed. There is reason to believe that these may change by small amounts 
due mainly to the spring loaded contacts of the inner conductors which mate with 
the capsule contacts. The precise point of contact of the sliding section 
(Fig. 5.5), ' although specified to be as close to the tip of the inner conductor 
as possibleg varies somewhat, thus regular calibration checks are desirable. 
The results of short-and open circuit checks carried out over a period of six 
months are shown in Tables 8.1,8.2, and 8*3. It can be seen that the residuals 
vary so little that they do not need changing in the computer program, The 
measurements were made using the Vector Voltmeter System as this had much better 
accuracy than the Network Analyser System; also, a's the residuals in question 
are inductive, they are more apparent at the higher frequencies covered by the 
Vector Voltmeter. 
8.3. ReSLJltS of Measurements on the Passive Network 
This Network which has been used to evaluate the low frequency jig, described 
in Chapter 4, was again used as a preliminary check on the system 6p to 100 MHz. 
Although the same circuit was used a slightly different equivalent circuit applies 
as the inductance of lead lengths within the circuit become significant. 
The circuit Fig. 8.1 (inset) which was constructed on a TO-5 transistor basef 
was made using discreet components. Its high frequency equivalent circuit is 
also shown in Fig. 8.1. This equivalent circuit is still only an approximation 
to reality but -4s suff. icipnf f-. n -, hn,,, f-hp ; -3ncral trends. -Thr! results obtained 
for this network are shown in Table 8,4 from 1-100 MHZ, These results are more 
easily interpreted if converted. to Y parameters. These are listed in Table 8.5. 
As can be seen Y= y/ 0 12 21 to within 3ýi*1,5 on modulus and 2.6 on phase. The values 
of Y 12 and Y 21 should be 20 x 10-3 5 as this corresponds to the value of the bridge 
resistor in the TT network and its phase should be 180 
aI the agreement for these 
is only 8'1a and 10', f respectively; however this is more than likely due to 
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TABLE8.1 
These are results obtained after initial setting-up procedure and thus represent 
best possible results. 
Frequency 
Open Circuit Short Circuit 
(MHz) lpi 0 lpi 9 
1 1.00 359.9 1.00 180.0 
10 1999 359.9 1.00 10 0.0 
20 . 999 359.9 1.00 18010 
30 1.00 359.9 1.00 180.0 
40 1.00. 359.9 1.00 180.0 
50 1.00 0.0 . 999 18010 
60 1100 010 11100 180,10 
70 . 999 0.1 . 999 18010 
80 1100 0.2 . 999 
iso. 0 
90 1100 0.2 . 999 1BO, O 
100 1.00 0.3 999 '180.0 
TA0LE8,2 
Froquenc Open Circuit Short ir*cuit 
(MHz lpi 9 lpi 
1 . 999 359.9 1.00 179.9 
10 11,999 359.9 1.00 180.0 
20 . 1.00 359.8 1100 180.0 
30 1.00 359., 7 6999 180.1 
40 . 999 359,7 0999 180,2 
50 .. 999 359,7 . 996 160*2 
60 1998 359,7 . 997 180.3 
70 . 99B 359,7 996 180.4 
80 997 359,7 . 995 180,4 
90 997 359,6 993 180.5 
100 1.00 359.6 *992 180.6 
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TABLE8,3 
Frequency 
-Open Circuit Short Circuit 
(MHz) lpi lpi 
1t 1100 359.9 1100 179.9 
10 . 999 359.9 1.00 100.0 
20 1.00 359.8 1.00 180.0 
30 1000 359.7 1999 180.1 
40 1.00 359.7 . 999 180.2 
50- 1100 359.7 11998 180.2 
60 1.00 359.7 1998 100.3 
70 1.00 359.7 . 996 180.4 
BO 1 . 00 359.7 1995 1BO. 4 
90 1.01 359.6 . 994 
100 1.01 359.6 . 992 
TABLE 
S PARAMETERS OF PASSIVE NETIJORK IN FIG. B. 1 
Fro u- encP 
MHz- 
Sil 
mod arg' 
S21 
mod arg 
S12 
mod arg 
I S22 
mod arg 
1 . 242 358.2 . 562 0.2 . 543 
1 0.3 . 091 2.0 
5 . 276 343.8 . 543 356.7 . 542 356.7 . 088 355.8 
10 . 295 327.9 . 539 538 352.4 0896 346,0 
20 , 367 299.7 . 527 347.1 . 321 343,5 . 0825 330.4 
30 
. 426 280,9 . 498 335,6 494 335,3 0754 311.6 
40 
. 511 265.8 . 465 327.9 . 462 327,7 . 0719 289,4 
50 
0589 253,7 429 320.9 . 424 320,0 . 0686 267.1 
60 
. 654 
_ 243.1 
1 
. 385 313.8 384 315.0 . 0676 244,4 
70 
. 710 233,4 . 341 307.4 . 342 308,5 0789 218.9 
80 , 765 224,7 . 296 300, B 299 302,4 '. 
0799 196.4 
90 . 811 . 253 294,9 257 296.9 . 0975 176,5 
100 
. 851 i 208.9 . 209 288.7 215 291,2 . 1168 162,1 
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TA8LE8.5 
PARAMETERS OF PASSIVE NETWORK TN FIG. F3.1 
Frequ- 
enc 
CIHZ 
Yll 
mod arg 
Y21 
mod arg 
Y12 
mod arg 
Y22 
mod argý 
1 21.57 1.1 21.41 180.6 20.68 ißi»0 27.32 010 
5 20.13 5.4 20s00 179.8 19.97 179.8 26.73 
10 20.35 10.4 19.91 178.7 19.90 '178.8 26.56 -1.3 
20 21.61 19.2 20.05 176.1 19.93 175.6 26.58 -3.5 
30 23.35 28.2 19o93 173.9 19.78 173.6 26.38 -5.1 
40 25o80 36.8 19,74 172.5 19.60 172.3 26.23 -5.8 
50 28.97 44.1 19.55 171.1 19.34 170.2 26.02 -6.9 
60 33.45 50.0 19.33 169.1 19.29 1170.3 25.95 -7.7 
- 70 39,17 b4,5 19o27 166.8 19.34 167»9 25.86 -9.3 
B0 44 6 71 58.9 19.17 164.3 19.34 166.0 25.69 -1009 L 
9 go 90 7 5 
L 
2 57.21 
1 
62.2 19.39 161.8 19.66 163.8 25.77 -13.0 
10 30 
_ 
00 100 72 5 ?. 51 72.51 64.7 19.62 158.4 20.18 161.0 25.56 -14.9 
TABLEB. 
Y -PARAMETERS OF 2N918 TRANSISTOR Vc= 10 Volts. Frequency = 50 MHz Values are eýpressed in milliSiemen 
C0MM0NEMITTER 
Ic 
mA 
Yll imag- 
real inary 
Y12 
imag- 
real in, -ry 
Y21 imag- 
rpal inary 
Y22 imag- 
real inary_ 
1 09973 2o760 -0.017 -0.182 27.25 -8.576 0.0912 0.328 
2 2.197 3.747 -0.0165 -0.183 49.21 -22.59 0.124 0.287 
3 3.183 4.228 -0.0153 -0.182 62.77 -36.11 0.0802 0.266 
4 3.965 4.374 -0.0154 -0.183 72.00 -47.51 0.0976 0.303 
6 5.200 4.425 -0.0145 -0.183 82970 -67.52 0.167 0.314 
81 5.946 1 4.399 -0.0143 -0.183 87.83 -81 . 
_25 
1 0.172 1 0. 
TA8L 
cnmmn tj nA cz F 
Ic 
mA 
Y11 imag- 
real inary 
Y12 imag- 
real inary 
Y21 imag- 
rpal inary 
Y22 imag- 
real inary 
1 39.61 -6.20 -0.0128 -0.136 -37.24 11.16 0.0908 0.0327 
2 70.95 -22*50 -0.0301 -0.166 -66.90 28.60 01110 0.106 
3 91.82 -37.21 -0.0432 -0.183 -85.66 44.32 0.0933 0.125 
4 106.18 -51.95 -0.0587 -0.195 -99.18 59.43 0.105 0.139 
6 127.57 -72.56 -D. OB17 -0.224 -117-98 81.19 0.143 0.165 
a 137.17 -89.64 -0.1069 1 
- 
-0.239 -127.10 1 
_98.76 _ 
I_ 0.149 0.180 
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inductances in the two resistiva arms of tho TT network which are assumed to bo 
negligible in the equivalent circuitj rather than any fault in the measuring system. 
Bearing this fact in mind, the agreement between theoretical and measured results 
is satisfactory. In Table 8.6 below, areshown results of a spot calculation 
at 100 MHz made to compare results obtained via the measuring sys. tem with 
those calculated from the equivalent circuit. 
TABLEB. 
S21 512 S22 
Measured 
Calculated 
-0.845 - JO. 411 
-0.845 - JO. 417 
0.0671-jO. 199 
0.0671-JO. 178 
0.078-jO. 201 
0.0671-JO. 178 
-0.111+JO. 036 
-0.094+jO. 062 
These results show good agreement, but earlier results which were not so promising 
disclosed errors in the system and aided in the modification of the jig equivalent 
circuit, Another check that was-performed using the passive network was to use 
(18) the "floating point" or "indefinite" admittance (Y) matrix due to Shekel 
In. this matrix, all rows and columns sum to zerog alsop owing to the short circuit 
termination employed in the Y parameter definitionsl some of the 12 Y parametersg 
obtained from the three configurations, are equal. These form the diagonal 
elements of the matrix and are thus paired (see Fig. 8.2. ) To utilise the 
properties of the matrix, the. measured S parameters must be converted to Y parametErs, 
This entails measurements with each of the three terminals grounded in turn to 
obtain all 12 parameters. The passive network configurations used are shown 
in Fig. 8.3d. As can be seeng the Y parameters sum to zero to better than 
5/1) in all cases. In addition to the normal relat-* -, w iips" of the Shekel matrix 
the forward and reverse admittance paramoters Y 12 and Y 21 should be equal 
for 
a passive network (shown arrowed in Fig. 8,3 d). These measurements and 
calculations showed good overall agreement and established that the system was 
producing results that could be expected to be accurate to within 
± 5%o using 
the Vector Voltmeter. Similar results obtained using the Network Analyser 
system, suggest that an accuracy of 
+ 8% was to be expected from results 
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Go 
obtained using this instrument. Howeverg if voltage ratios of greater than 55d9 
are'encountered an additional error of 
± lliu' per 5dB bolow t*his figure is applicable 
8.4. Results of Mea-, Lirpmpnts on Active Devicss 
Results obtained for active devices show anamolous behaviour when inserted in 
the Shekel matrix. Although some agreement is found the sum to zero properties 
of the matrix is not obeyed as closely an has been obtained for the passive 
network. The summations are found to sum to zero to within 18% of the sum 
of the moduli of the components of any ono row or column. 'This can be seen 
easily by examination of Fig. 8.4 which shows plots of the summations of Y 
parameters obtained from a 2N91B. NPN transistor at varying collector currents, 
As can be seen, the bottom row of the matrix gives the worst summation; 
however, the middle column, which is shown in Fig. 8.4c, is misleadingg as 
bb the two major components Y 11 and Y 21 are bf a set' from one configuration 
and this seems to have a*self consistent effect. if Y, 11 
b is replaced by Y 22 
0 
in the summation (Y 11 
b 
should equal Y 22 
C, see F ig. 8.2) large discrepancies 
are apparent as seen by examination of the tabulated results in Tables 8,79 
8.8 and 8.9. The results are marginally worse at higher d. c. currant levels 
but not to a degree which would suggest that the "sum to zeroP property of the 
matrix is affected non-linearly due to high d. co currents through the device, 
From a study of Fig. 8.4 it will be noted that the largest discrepancy in the 
summations occurs when the bottom row and middle column of the matrix are being 
considered and this is related directly to Y 21 
b 
and to a lesser extent by Y1, 
b0 
If the first column and bottom raw are considered jointlyp Y 11 
a and Y 22 
b 
are both 
small compared with the remaining three parameters, thus it can bD said that to a 
be first approximation Y 21 
c=Y 
21 = -Y 21 " Of these three parameters 
it appears 
that Y 21 
b 
always has a greater magnitudo than the others, over and above that 
which is necessary to provide summation to zero. The reason for this is, as 
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rnmmnNrnLtFrTnR 
Ic 
mA 
Y11 
Imag- 
Real IiRry 
Y12 
Imog- 
Real 
__jnRj)L_ 
Y21 
Imag- 
Real inary 
Y22 
I. Mag- 
Real inar 
1 2.243 2.586 -19931 -2.393 -27.75 3.749 24.76 -2.02 
2 4.085 3.505 -3.942 -3.502 -53.13 16.03 53.16 -14.32 
3 5.456 4.081 -5.304 -4.123 -72.95 30.28 73.71 -20.19 
4 6.512 4,1345 -6.333 -4.442 -86.86 43.03 88.21 -40.27 
6 7.9B2 4.642 -7.844 -4.797 -105.5 65.78 103.1 -62.53 
B1 8.846 4.732 1 -8.701 -4.922 -114.0 01.06 117.3 -77.65 
TABLE8,10 
2N918 TRANS1STOR. -COMMION EMITTER Vc= +10 Volt I SmA 
Frequ- 
ency 
MHz 
' Sil 
M'od Arg 
S21 
Wad Arg 
S12 
Mod Arg 
S22 
Mad Arg 
1 
. 693 
0 360 9.49 178.8 . 000196 89.8 . 996 359.8 
5 . 695 356.6 9.32 175.2 . 00147 87.2 . 995 359*2 
10 . 686 352.8 9.22 170.4 . 00313 85.5 . 990 358.5 
20 . 665 345.9 8.88 160.4 . 00636 81.9 . 979 357.1 
30 . 628 339.6 8.35 151.2 . 00940 79.0 . 965 356.1 
40 . 595 333.9 7.77 143.7 . 0122 76.6 . 947 355.5 
50 558 329.5 7.21 
1 
137.4 : . 0146 74.7 . 934 355.1 
60 *520 325.6 6.65 131.4 . 0171 73.2 . 921 355*0 
70 . 487 322.3 6.14 126.4 . 0196 72.0 . 907 354.9 
80 . 455 319.2 5.6B 121.8 . 0218 70.9 . 898 355.1 
90 . 425 316.2 5.32 117.9 . 0239 70.2 . 887 355.3 
100 . 400 31,3.. o 99 114.2 90262 70.1 . 683 355.5 
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yet, unexplained. However, the high input admittance Y 11 
b 
which was thought 
could interfere with the accuracy of this measurement via the S parame_tor 
calculations (S 
V2 (1+S was shown not to do so by deriving values of 21 - 11 V 
Y 21 
b in another way w ich does not involve the input admittance (see below). 
It can be shown that the voltage gain of a two-port expressed in terms of Y 
parameters is 
V2= -Y 21 (where G= Load admittance) . 
a, 1 
v1y 
22 +G0 
as Y 22 
a and Y 22 
b 
are both negligible compared with G0 for the transistor in 
question (typically 0.15mS to G0= 20mS) then 
e v 21 (V 2)e G08,2 
1 
and 
y 21 v2bG (7) 
For Yc the above conditiong that Yc is small compared with G does not 21 22 0 
hold; however, if one considers the middle row of the Shekel matrix (Fig. 8*2) 
Y 12 
b is very much less than either of the other two parameters thus to a first 
c 
approximation Y 22 =y 21 
0 (to within about 5',, Iu). 
Thus from Eqn. 8,1 
-Y 21 
Gy 
0 21 
and 
21 0 
v2 
8. 
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Using the expression 8,2,8,3 and 8.4, values for Y 21 
8ý Y21 b and Y 21 
c were 
obtained which showed extremely good agreoment with those calculated from S. 
parameters. However, Y 21 
b 
was still larger in magnitude than the other two 
parameters, thus showing that any error in the value of Y21 
b 
was not due to 
the conversion from S to Y parameters. 
Table 8,10 shows the variation of S parameters with frequency* These results 
were obtained using the Yector Voltmeter. The device is a 2N918 transistor 
I 
in the common emitter configuration. The collector voltage is 10 V and the 
collector current 5 mA. The excitation signal is kept constant at 5mV rms 
over the uhole frequency range to try to minimise the effect of any non-linearity. 
Common base and common collector S parameter covering the same frequency range 
for the same transistor under the same bias conditions are shown in Tables B, 11 
and 8,12. The frequency response is that which one would expect* No anomalous 
phase changes occur and the parameters all lie on smooth curves. The values 
of the parameters are also consistent with what one would expectj the emitters 
being the low impadance electrode of the device, gives values of reflection 
coefficient appropriate to its impedance of approximately 10, -. - i. e. S 11 
b 
which is 
the reflection coefficient looking into the emitter in the common base configura- 
tion and S 22 
c 
which is the reflection coefficient of the emitter in the common 
collector configuration are both in the order of -0.7 to -0.5. 
As two instruments. are used for measurement of the voltage data to cover the whole 
frequency range, it is interesting to compare the S parameters derived from each 
system, where their frequency ranges overlap, This is shown in Fig, 8,5 for 
a BF 115 transistor in the common emitter configuration. The agreement 
achieved is good considering that the inherent error of the network analyser 
system is 
± 3dB within its 8OdB range. 
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TA0LEB. 11, 
2N918 TRANSISTOR COMMON BASE V= 10 volts I= 5mA cc 
Frequ- 
ency 
MHz 
511 
Mod Arg 
S21 
Mod Arg 
S12 
Mod Arg 
S22 
Mod Arg 
1 799 100,4 1.74 0,9 00040 334,6 . 996 359,9 
5 . 796 179,4 T. 6B 359,9 . 00034 20,3 . 997 359,8 
10 . 795 178,6 1,71 359,0 *00053 54,2 . 997 359,7 
20 . 794 175.8 1.70 356.9 . 00108 77,8 . 998 359,4 
30 , 796 174.2 1,57 354,9 00163 87A 996 359.1 
40 765 173,6 1,47 3ý3. B 900239 91.7 . 996 358,7 
50 792 172,0 1,73 352.1 *00294 96A 997 35B. 4 I 
60 . 790 170,3 1.73 350,4 00366 99,3 . 994 358.2 
70 . 792 168.0 1.73 348.5 . 00457 102.3 . 991 357,9 
80, . 793 165.6 1.73 346.1 . 00536 104.8 . 994 357,6 
90 . 796 163,0 1.74 344,3 0062B 106.1' . 992 357.4 
100 . 798 1 60,2 1.75 341.9 900677 106,2 . 993 357.1 
TABLEB. 12 
2N918 TRANSISTOR COMMON COLLECTOR V= 10 volts I= 5mA cc 
Frequ- 
oncy 
MHz 
Sil 
Mod Arg 
S21 
Mod Arg 
I 
S12 
Mod Arg 
S22 
Mod Arg 
1 . 945 010 1.68 0.0 . 0068 359.0 *700 180.7 
5 . 943 359.5 1.68 359.7 . 0060 6.6 . 696 17B. 8 
10 . 942 358.8 1.68 358.7 . 0070 14.4. .. 
695 177.0 
20 . 940 357.5 1.68 357.2 . 0079 28.8 . 695 172.6 
30 . 935 355.9 1.70 355.8 . 0092 39.5 . 697 169.2 
40 
. 934 354.7 1.70 353.9 . 0108 46.8 . 697 166,8 
50 . 929 353.3 1.70 351.8 . 012'8 52.2 . 699 162.5 
60 
. 925 352.0 1.67 349.3 . 0148 55.2 . 703 160.0 
70 . 919 350.7 1.66 346.7 . 0168 57e2 . 704 155.9 
80 . 916 349.5 1.65 346.2 . 0190 5B. 1 . 710 152.0 
90 . 906 347.9 1.63 343.7 0212 58.4 . 716 147.7 
100 904 346.7 1.62 342.1 . 0232 58.0 . 723 43.5 
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CHAPTER 9 
INTEGnATED CIRCUIT S PAnAMETEn MEASUREMENTS 
9.1 General Points-on-Integrated Circuit Measurements 
The general measurement technique developed for transistor S parameter 
measurement is applicable to any two-port device which has one terminal 
common to both ports. (The latter proviso is included only because of the 
limitations introduced by the measuring instruments used, however this is 
not a serious problem with the present system). The most obvious device 
which falls into this category is the linear Integrated Circuit (I. C, ), 
(From this point on when Integrated Circuits are considered the term 
flinearl is implied). 
The first problem which is encountered when I. C. measurements are considered 
is the definition of the two - port. Most I. C. 's function with compensation 
networks which provide internal feedback to either reduce the gain or increase 
the bandwidth or otherwise modify the frequency characteristics; these are 
included in the two-port and thus must be specified for each measurement. 
Another factor is that many I. C. 's have more than one input (commonly a 
differential input pair) and some have more than one output. Owing to this 
complexity and the inability to specify universal terminating impedances for 
unused terminals (as those may affect the d. c. conditions) it is proposed 
to include the cirnuit diagram relating to each set of measurements. 
9.2. The Inteqra_ted Circuit S Parameter Measurinq Jiq 
The S parameter system used for transistor measurements was found to be a 
convenient model on which to base the design of the I. C. jig. Various 
modifications had to be made to cope with the additional requirements arising 
with I. C. measuremontsl but the two jigs are on much the same pattern, The 
jig is shown in Fig. 9.1. Its similarity to the transistor jig is at once 
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obviousq however the differences in design, although apparently small, are 
very significant if accurate results are to be obtained. The integrated 
circuit capsule is one of the first and main differences in design, its 
overall diameter-has been increased from *62541 to 87511 so that on its 
surface the pin spacing can be provided to accommodate devices up to . 62511 
in length or diameter. This means that ceramic flat-packs and dual in-line 
encapsulations can be accepted. - It will be obvious that owing to the 
diversity of encapsulations and pin configurations in which I. Cls are now 
availableg that capsules must be specially made for each particular type 
of 1. C. and encapsulation encountered. In spite of this inconvenience 
capsules can be made up to accept the most commonly encountered encapsulations 
and the pin connections completed later when the device configuration is 
known. Fig. 9.2 shows such a capsule connected to accept a,, ý-4A709 I. C. 
in an 8 pin TO-5 encapsulation, As can be seen the capsule, 
which is made of Lucentineq has a commercially available 8 pin TO-5 I. C. 
holder to accept the device. To provide screening between the holder pinsp 
a brass screening pin is secured through the centre'of the holderl this also 
provides the grounding point for pins which must be earthed. This screening 
pin connects to the earth contact ring at the base of the holderg whichp 
on insertion into the jig, contacts the common ground plane. The capsules 
for the 1. C. jig are made higher than the transistor capsules so that the 
frequency compensation components can be placed directly on the holder pins as 
shown in Fig. 9.2., 
The introduction of supplies to the device presented a problem at first, until 
it was decided to introduce these to the capsule via two contacts placed on 
the capsule perimeter. These contact two leaf springs which are attached to 
two decoupling plates on either side of the jig central square section (see 
Fig. 9.3. ). This enables both positive and negative supplies to be connected 
150. 
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to the I. C. These supplies are decoupled on the jig itself by means of 
0,05 F ceramic disc capacitors which are sandwiched between the docoupling 
plates and ground. These effectively prevent any spurious signals'in the 
supply lines influencing the performance of the I. C, (coo Fig. 9.3. ). No 
complex switching is required on reversal of the capsulat merely a changeover 
switch to reverse the supplies when the reverse parameters are being measured. 
The series resistor and load are identical to those used for the transistor 
measurements and their mountings are identical. The jig varies in two 
other respects from the transistor jig which relate to the d. c. working conditions 
of most I. C's with regard to their input d. c. offset currents. If we consider 
linear integrated circuits at present available, the great majority have a 
differential input thus one input must be grounded for the device to operate 
in this measurement system. Alsog as most devices must derive an input offset 
current for correct operation it was thought that it would be best to ground 
the unused input through a resistor; howeverv this introduced two problems: - 
first, that the r9sistor would affect the parameters of the deviceg and secondly7 
that its particular value would have to be quoted thus imposing another constraint 
on the general applicability of the characterisation. In view of these 
objections the unused input must be grounded directly. This now means that 
owing to the d. c. input offset current the excitation input is raised a few 
millivolts above ground potential. This is amplified by the device and 
results in several voiý. - at thR device output. If the device is terminated in 
50-n-this results in saturation. 
To show this effect a common device is taken as an example. 
a)L, cA702 op-amp, quoted figures are: - 
If one considers 
160. 
MIN TYPICAL MAX 
Input offset voltage (R s= 
2kA 1.5 5.0 mv 
Input offset current 0.5 2. OjAA 
Open loop gain (voltage) 2000 3400 6000 
The device delivers open loop gain at d. c. because the frequency compensation 
network contains series capacitive elements which are inoperative at d. c. 
With these figures it can be seen that the device is biassed hard 'on'. 
Three methods of overcoming this d. c. saturation problem were considered. 
The first was simply to provide a d. c. path in the input circuit so that the 
offset current could flow. This produced a d. c. voltaqe on the output whichp 
if terminated in 50J'L, overloaded the device. A blocking capacitor similar 
to that used for the output bias injection on the transistor jig (see Fig. 5.18) 
was then needed in series with the output thus allowing the r. f. current to 
flow but blocking the. d. c. current. This had disadvantages because it caused 
the device to operate over a small portion of its characteristic only and thus 
limited severely the signal level at the output. Also, when the reverse 
parameters were being measured the blocking capacitor had to be removed and 
a blocking capacitor inserted at the excitation port of the jig (Fig. 9.4. (a) 
and (b) This method was found to be unsuccessful and also inconvenient 
for measurement. The second method tried provided a d. c. offset potential 
at the device input thus reducing the device d. c. output to zero. This was 
done using the transistor jig input bias injection section (see Fig. 4.5(a) 
in the forward directiu,, and the output bias injection section for the reverse 
measurements (see Fig. 5.18 and 5.12) together with a third pouer supply. 
The d. c. circuits are shown in Fig. 9.4 (c) and (d). This sybtem works 
well and was found to cover most eventualities but further study resulted 
in a simpler system. 
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(1r) 
REVERSE MEASUREMENT CIRCUIT 
JP 
I 
The third method provides both input and output with a d. c. path to ground 
through variable resistors and does not affect the terminating conditions. 
The circuit used in shown in Fig. 9,4(e). It was found that by varying 
the value of the resistor A the d. c. potential at the device output could 
be controlled and also by having the variable resistor B in the output patht 
the cf. c. output current could be limited without affecting the r. f. terminating 
impedance Roo Also, 'when reverse measurements were made the variable resistors 
could easily be set up to provide the same input and output d. c. currents as 
in the forward direction. On further investigation it was found that the 
device being studied (namely aAxA702) gave an optimum* performance when a 
small doc. current was made to flow from the output, Thus for most practical 
I 
purposes the latter arrangement (Fig. 9.4(e) ) was used and no device has yet 
been encountered that does not respond to this system, However, if such a 
device is encountered the second system using a separate supply to induce 
the correct offset could be used. The mechanism by which the bias conditions 
of the device are set up using the circuit of Fig. 9.4(e) are worth considering. 
With the device in the forward orientation the two supplies V+ and V- are 
set up resulting in a positive voltage appearing at the device input of 
approximately 0,7 V9 thus biassing the device output hard over in one direction 
(the polarity will depend on uhether the input is the inverting or non- 
inverting input of the device). If the variable resistor A is now decreased 
from its maximum value, the input offsot current will increase and the voltage 
on the device input will drop until the stated offset conditions are achieved, 
(i, e, for thejAA702 the figures previously quoted, 0.5/AA and 1.5 mV), at which 
point the output potential is zero. If the value of resistor A is further 
decreased the input offset current remains unaltered but the input offset 
potential will continue to drop resulting in a negative potential at the 
* (Optimum here means the maximum gain - bandididth product. ) 
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device output. The purpose of the variable resistor 8 is twofold; firstly, 
when the device is reversed it is used to set up the appropriate device input 
I 
conditions and secondly, if it is required to operate the devico under con- 
ditions where the output potential is not zero the resistor can bo used to 
limit the output d. c. current, 
The value of the load resistor R0 is unaffected by resistor 8 because the 
capacitor (Figs. 9.4(e) and 5.18) effectively short this out above 2kHz, 
9.3 Inteqrated Circuit Measurinn Jiq Equivalent Circuit and Rnsiduals 
As the previous discussion on device*biassing shows, it is convenient to 
consider the equivalent circuit of the 1. C. Oig in two separate partsp the 
circuit which constitutes the measuring system and which must therefore, be 
taken into account when calculating the S parameters from the obtained voltage 
data, and that which constitutes the bias and offset circuitry to establish 
d, c, conditions, which does not affect the rf characteristics of the jig* 
The latter part of the circuit has been thoroughly dealt with in the preceding 
section. The equivalent measuring circuit of the jig at-high frequencies is 
shown in Fig. 9.5. As might be expected this varies little from that of the 
transistor jig. 
The measurement of the jig residuals is identical with the procedure evolved 
for the transistor jig. The values of Cp9Gp9Ci and Ch were measured with 
the capsule and the anoropriate jig section demounted. The values of Rh and 
xh were found by applying a short circuit between the input measuring point 
and ground (A and E in Fig. 995), Approximate values of Rh and Xh were 
first obtained at all frequencies* An open circuit test was also carried 
out to establish whother the jig capacitances had changed on assembly. This 
was found to be the ca-, e and minor alterations were made in the tabulated 
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values so that the desired value of S 11 =;. +l were obtained. 
The values of Cp and Gp have been previously quoted for both types of probes; 
the values of Cj9 ChIRh and Xh are quoted in Table 9.1. 
9.4. Measurement of Integrated Circuit S Parameters 
Equipment used for the three voltage measurements when measuring I. C. S 
parameters is identical to that used for transistor measurementsp thus setting 
up procedures are identical to those described in Chapter 6, Also, the 
measLLrement procedure is identical except for the d. c. setting up, so it is 
proposed to give only a brief description of the I. C. measuring procedure 
which is as follows: - 
1. Assuming that the device to be measured is of a typo for which 
a capsule has been assembled and characterised for the particular 
ports of the. device required, the I. C. is inserted into the 
capsule which is then itself inserted into the jig. 
2. The required d. c. supply voltages are set up together with any 
input offset voltage which may be required. The required 
frequency and signal level is then set up. 
3, The instrument probes are inserted into the V0 and V1 positions 
and the dummy probe appropriate to the voltage measurement 
instrument being used is inserted in the V2 position. 
4. V0 and V1 are noted together with A1 their relative phase angle. 
5. The V1 prob, ý the dummy probe in the V2 position are inter- 
changed and the V2 voltage and the V2 /V 0 
phase (A 2) noted. 
6. The d, ce bias is removed and the capsule rotated through 180 
0 
to present its output port to the excifation signal. 
7. D. C, bias is re-applied (in the correct polarity as the supply 
input points on the capsule are now reversed) and 3 to 5 are 
repeated to obtain V or 9VWV 2r' 
AW and A 2r* 
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TABLE 
RESIDUAL PARAMETERS OF THE INTEGRATED CIRCUIT JIG. 
frequency 
MHz 
Cj 
ýF 
Ch 
fF 
Rh 
--n- 
xh 
-A. - 
.1 2.14 1.07 *02 *2 
*2 2.14 1.07 . 02 *2 
.. 3 2.14 1.07 *02 .2 
.4 2.14 1*07 . 02 .2 
,5 2.14 1.07 . 02 .2 
,6 2.14 1.07 *02 .2 
.7 2.14 1.07 o02 *2 
18 2*14 1.07 *02 *2 
.9 2.14 1.07 *02 *2 
1.0 2.14 1.07 *02 .2 
2*0 2.14 1.07 *02 .4 
3.0 2.14 1.07 . 02 .7 
4.0 2.14 1.07 *025 .8 
5.0 2.14 1.07 *020 . 88 
6.0 2.14 1.07 . 028 1.08 
7,0 2.14 1.07 . 03 1.3 
810 2.14 1*07 . 032 1.5 
9.0 2.14 1.07 . 033 - 
1*72 
10.0 2.14 1.07 . 033 2.0 
15 2.14 1.07 . 035 3.0 
20 2.14 1.07 . 035 4. o 
25 2.14 1.07 . 036 5936 
30 2.14 1.07 . 03B 6.06 
40 2*14 1.07 . 040 6.92 
50 2.14 1.07 . 043 8.0 
60 2.14 1.07 . 048 9.13 
70 2*14 1.07 . 052 10.5 
80 2.14 1.07 055 12.0 
90 2.14 1.07 . 060 13.6 
100 2.14 1.07 . 071 15.0 
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CHAPTER 10 
RESULTS OF S PARAMETER MEASUREMENTS ON INTEGRATED CIRCUITS 
10.1. General Points and Miscellaneous Measurements 
In Chapter 8 the "sum-to-zero" property of the Shekel indefinite matrix was 
used to check for consistency between results in the three configurations 
that can be realised with transistors. With I. C's no such convenient method 
of checking presents itself, also there is no available equipment to measure 
the two-port parameters of I. Cls. This leads one to compare the measured 
performance of the I*C's with the manufacturers data. This is of course 
only a partial check as these data usually only specify the limits between 
which the device operation lies, nevertheless it is a pointer to the correct 
operation of the measuring system. 
To enable comparison between published data and the data obtained from the 
measuring systemg the voltage gain in dB of the device is measured rather 
than the S parameters, This is done simply enough by using the Network 
Analyser with probes A and B in the V1 and'V 2 positions on the jig rospectively, 
The voltage gain versus frequency curve is then conveniently displayed on an 
oscilloscope using the system shown in Fig. 6.8, The results obtained for 
the voltage gain vs frequency display are shown in Figs. 10,1 and 10*2 for a 
pA 702 I. C. These curves are for the inverting and non-inverting inputs 
of the device respectively and were measured with the 20dB lag compensation 
network applied to pin 6 as is Bhuwn in the accompanying circ-iit diagrams. 
There are many points of interest in these curves, If curvejý)of Fig. 10.1 
is re-drawn on a log-frequency scale and compared with the published curve 
(Fig. 10.3) it can be seen that the two curves (A and B) do not agree. 
1nvestigation of the open-loop case (Fig. 10.4. ) showed much better agreement 
(curves C and D in Fig. 10.3). This points to the possibility of faulty 
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compensation circuit components but tests on these indicated no faults, 
It is thus suggested that the published curves for the compensated gain are 
in errorg because if the device gain is constant with frequency below about 
5 MHz as suggested by curve A Fig 10.3 then it must stay constant as the 
curve approaches d. c, This is clearly impossible as the compensation contains 
a series capacitor which is an open circuit at d. c. thus the I. C. should provide 
its open loop gain* Although this analysis does not agree with the published 
response curves, it agrees closely with the measured frequency response obtained. 
The three curves of Fig. 10,1 are for different d, c, offset voltages measured 
at the device input and show the different characteristics that the device 
exhibits at these voltage offsets. 
10.4 for the open-loop case. 
The some effect is illustrated in Fig. 
The irregularities which appear in the curves of Figs, 10,10 10.2 and 10.4 
are caused by the low signal level at which the device worksg and. gives rise 
to a loss in linearity of the measuring system. The signal level must be 
kept low for a number of reasons; first, the slow rate of the device is such 
that if the excitation level is increased, the device ceases to function at 
the higher frequencies, and secondly, the dynamic range of the Network Analyser 
is 80 dB, thus the excitation must be set such that the maximum output signal 
does not exceed the maximum input for which the analyser w--is designed i. e. 
+2dBm, These two factors dictate that the excitdýlun level must lie between 
-50 and -60 dBm. The irregularities can be Smoothed somewhat on the phase 
measurements by increasing the signal level. Although this effects the gain 
characteristics it does not alter the phase characteristics of the device and 
the improvement is readily seen in curve 
@ Fig. 10.4. This problem arises 
when swept frequency measurements are made. With discreet frequency 
measurements it is possible to ensure that one of the channels is at a sufficientlq 
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high level so that these spurious responses are minimised. This problem 
does not arise with the Vector Voltmeter System. 
A number of factors must be bourne in mind when using I. C. 5 parameters 
in circuit design. It cannot be stressed too strongly that the device must 
be operated under the same d. c. conditions in the forward and reverse 
measurements orientations as the parameters obtained from each of these will 
not be consistent if any d. c. bias changes occur This may sound obvious 
but very small changes indeed in the d. c. input offset radically affect the 
device parameters as can be seen from the three curves of Figs, 10,1 and 10.4. 
These curves show only the change in response into a 50. rLload, a higher 
impedance load would increase these changes. 
10.2. Results of Integrated Circuit S Parameter Measurements 
Results obtained for I. C. S parameters measured on a pA 702 I. C. with the 
20 dB lqg compensation network are shown in Table 10.1 The input used was 
the inverting input and the supplies were +12 V and -6 Vq both drawing a 
current of 4.4mA. It will be noted that below 400 kH; the input appears to 
have aS 11 greater than unity. 
This is in fact not so and is caused by the 
Network Analysers log law uncertainty of 
± 3dB. Also the phase information 
of S12 appears somewhat erratic. This is because the signal level at the 
device input during reverse transfer measurements is approximately -80 d8m 
and phase information is thus only useful as a guide to the quadrant in which 
S 12 appears. Apart from these two points the parameters are what one would 
expect of the device; a high input impedanceq a gain which falls off at 
approximately 6 dB/octave with frequency and an output impedance which is 
within the manufacturers specification 
(200-600-n-), 
One troublesome aspect encountered in the measurements was the presence of 
unwanted low frequency signals superimposed on the device output. These 
are line frequency or twice line frequency cabsed by the signal source power 
supply rectifiers. Being low frequencyg these signals are amplified by'the 
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full open-loop gain of the device and when M. measurements are made the ampli- 
fied 'hum' can be of comparable amplitude to the signal. This does not 
affect the measurement provided the device is not overdriven by the If. component 
and provided that the measuring instrument used is narrow bond, Both Vector 
Voltmeter and Network Analyser are narrow band instruments. 
"I 
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CHAPTER 11 
CONCLUSIONS 
General 
The method developed for measuring transistor S parameters has been shown to 
provide results that are reproducable to 2%, The initial aim to provide a 
method that was quick and convenient has been achieved apart from the cal- 
culations involved. The speed with which results are obtainedv is thus much 
dependent upon the availability of computing facilities. The present system 
involves noting the appropriate data*and transferring this to punched cards. 
The speed of the system may be increased in a number of ways; the derived 
voltages may be used in an analogue system to produce a direct readout in S 
parameterst or the derived voltoges. may be sampled and transferred directly 
to paper tape by a data-logger and thence to the computer. Alternatively 
an on-line digital computor could be used for the calculations. 
11.2 Transistor Parameter Measurements 
The accuracy of S parameter measurements of a passive network can be deduced 
from Table 8.4 and Fig. 8.3* In the former case there is very good agreemeht 
between the transfer parameters S 12 and S 21 which should be equal. 
The 
transformed Y parameters agree to within 1% and the angles to within 20 between 
0 5 and 90 MHz. At 100 MHz the moduli differ by Y") and the angle by 2j- " In the 
. case of active networks, howeverg an assessment of measurament accuracy is not 
so straightforward because the system check employed is in terms of the sum - 
to - zero property of the Shekel matrix which involves Y parameters, From 
Fig. 8.4 the worst case (b) gives a row summation error of approximately 18%- 
of the sum of the moduli. The accuracy in terms of S parameters is considerably 
less than this owing to a number of factors e, g, 
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1. S to Y transformation errors are caused by the difference between 
two large nearly equal quantities which appear in the transformation 
equations. 
2* Common terminal impedance associated with an active device causes a 
smaller percentage change in S parameters than in Y parameters. 
The reason for this is becuase the device is terminated in a finite 
impedance in S parameter characterisation and in a short circuit 
in Y characterisation. 
Calculations have shown that for a given common terminal impedance for a high 
gain transistor such as a 2N918 the percentage change in the common - emitter Y 
parameters are five times greater than in the S parameters. This implies from 
Fig. B, 4 that the uncertainty on the S parameters leading to the 18% Y matrix 
summation error are not likely to exceed 5% if we take into account other 
small anomalies such as the relatively high values obtained for Y 11 
b 
and Y 21 
b 
commented on in Section 8.4. 
Improved accuracy may be obtained if compensation is made for the common lead 
impedance which occurs in the jig. This causes a current feedback which 
modifies the parameters. It is believed that this common lead impedance, 
in association with jig capsule asymmetry, is responsible for the relatively 
poor summation - to - zero of the Shekel Y matrix discussed in Chapter 8. As 
explained earlier this common lead impedance has been reduced to the louest 
level practical. with this jigý thus some method of mathematical compensatio n 
is necessary. It can be shown (see appendix 8) that the Y parameters of a 
device measured with a known common terminal impedance can be related'to the 
true Y parameters of the device alone by the following equations: - 
Yll = Yll 
m- zc AV m 
c 
(Y 
11 +y 12 +y 21 +y 22 
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11.1 
(Cont. ) 
where 
[ym3 is the measured Y matrix and 
[Y] 
is'tho true Y matrix of the 
device alone, ZC being the common terminal impedance. Thus by using this 
set of equations the affect of the common impedance upon the derived Y 
parameters may be eliminated. Howeverg this is not the sole source of error 
in the jig, the other main source is due to asymmetry in the transitor capsule 
which produces extra inductance between one of the transistor. lead sockets 
and the capsule contacts, It is thought that once this asymmetry is eliminated 
the overall accuracy on 5 parameters will be much improved. Other jig errors 
are largely due to mechanical considerations and the accuracy to which residual 
parameters can be measured. The series resistor and its mounting provides 
an example: - numerous calibration checks performed on the series resistor have 
shown that the position of the saries resistor in its mounts is not identical 
each time the resistor is demounted for calibration. The change in the cali- 
bration is in the order of 10'11f) on the imaginary components of the resistor 
and 0.2% on the real component. As the imaginary component is onlyl at maximumq 
491o of the real component a 10'j'a' error in this only introduces 0,4% error into 
the modulus. This represents a total uncertainty of approximately 0.5% 
on the series resistor calibration, 
The bandwidth of the present system is set by the measuring instruments used, 
The jig bandwidth at the lower frequencies is limited by the decoupling elements, 
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The four output decoupling capacitors, of 15)jfq providG adoquate decoupling 
down to 5,5 kHz, at which frequency they have a reactance of 0.5j%- which 
constitutes an error of only 0.005% in the modulus and 341 in phase in the 
50-A-load tarmination. The input decoupling section has a rejection ratio 
of of 1/1000 down to a frequency of 4 kHz. The upper limit of the jig is 
dependent on two factors: 
1. The decoupling elements, the efficiency of which bogin to drop 
off sharply above about 80 MHz. 
2. The wave length of-the signal becoming a significant factor when 
compared with the overall length of the measuring jig. 
The last factor could of course be compensated mathematically but it is considored 
that uhen this situation is reached a re-designed jig and the use of a trans- 
mission line approach to the measurements rather than a lumped circuit approach 
would be preferable. The decoupling elements limit the Jig to 100 MHz. The 
length of tho jig would start to become significant at 150 MHz where it would 
introduce approXimately 60 error in the 50-n-SyStem. 
11.3. Inteqrated Circuit Parameter Measurnments 
Measurements of I. C. S parameters have been restricte d to one type (uA702), 
an operational amplifier with a differential input., -, As this and similar 
devices have the facility for applying feedback to an intermediate staqe in the 
deviceg this must be specified because two-port characterisation of those 
devices cannot give a complete "black box" matrix z. 31uLlon for every terminal. 
This leads to the proposal that I. C. S parameters must be specified for a 
circuit module which includes bias notworksp feedback, decoupling and supplies, 
and the parameters apply to the whole "black box". The results given in 
Chapter 10 apply this approach to a limited extent by omitting the input 
offset bias network and applying it external to the measurement. 
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The accuracy of I. C. measurements is difficult to assess as the effect of the 
common terminal impedance upon the performance may only be estimated. Howavar, 
to aid this estimation it is instructive to consider the following argument, 
Fig. 11,1(a) shows a schematic of the I. C. in the measuring jig in which the 
unused input is connected directly to the ground pin and the common terminal 
impedance appears from this junction to the jig ground plane. Now neglecting 
the small current which flows into the inverting input, the current through 
z is C 
=v out c 50 +Z 
c 
which is iC=V in 
Av 
50 +Z 
c 
voltage drop across Zc is 
as Av=V out (voltage gain into load 
V in zc+ 50) 
Vc=V in AvZ 
50 +Zc 
*00 v in =v1v in. 
A 
ve 
Zc 
50 +Z c 
and VV in +AvZc 50 +Z 
Thus the circuit gain should fall by a factor I when the non- 
z 
+vc 50 +Z +ý 
"()Z+ 
C) 
inverting input is used and increase by the factor 1 when the 
I 
ýVzc 
TO -+Z C) inverting input is used. This is seen more easily when reference to Fig. jj* I 
(b) and (c), Thus the difference in the gain of the device using the inverting 
and non-inverting inputs will give- an indication of the off ect of any common 
terminal impedance, If reference is now made to Figs. 10-1 and 10,2 it can 
vc ýE-1) -+Z 
cj 
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be seen that the gains from either input are within 2 dB up to 32 MHz. The 
above argument applies for the lf case where Av and ZC are taken to bo, real, 
however the Equations hold at higher frequencies when Av and Z are complex. 
Applying the experimental data results for a value of 6.5nH for Zc shows 
good agreement with the value obtained by direct measurement, It will be noted 
that improved performance would be obtained-if separate leads arc used for 
the device common and the grounding of the unused input, as the latter has a 
very high input impedance thus making the common impedance in this lead negligible 
by comparison. 
The bandwidth of the I. C. jig is limited by the same factors that limit the 
transistor jig so that its bandwidth limiting conditions are identical. 
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I APPENDIX A 
THE DUAL DIRECTIONAL COUPLER 
Before describing the dual coupler the single directional coupler which forms 
the bQsis of the dual coupler is best examined. It is wall known 
31 
that when 
two parellel wire transmission line systems are in close proximity they interact 
and coupling occurs, This property is utilised in coaxial transmission 
lines to provide a coupling from a primary to a secondary line 
(Soe'Fig. A. 1) 
lot 
E FIELD 
- FIELD 
Fi&. 
s! ' // / 
 // 
If the wave on the primary line is travelling from right to left it can be 
seen that the coupling produces a wave in the secondary line travelling from 
left to right, as the magnetic field is induced in the some sense as the primary 
line but the electric field is reversed. This also shows that the direction 
of the wave in the secondary line is uniquely related to the wave in the 
primary line. If one end of thp qpnondory line is terminatsýd in its character- 
istic impedancey then the wave induced flowing into that load will be absorbed 
thus the wave appearing at the other end of the secondary line will be related 
only to the wave in a particular direction 
in the primary line as no reflection 
occur in the secondary line. This is the theoretical case, lot us now con- 
sidar what occurs in practice. 
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Fig. A. 2 shows a schematic of a directional coupler. The ýarametors which 
characterise the coupler are: - 
The Coupling Coefficient k- This is the wanted fraction of the primary line 
voltage wave that is coupled to the secondary line in the opposite direction 
to the propagated wave in the primary line. 
The Reverse CouplingCoefficient kW This is the unwanted fraction of the 
primary line voltage wave that is coupled to the secondary line in the samo 
direction as the propagated wave in the primary line. 
The Couplinq--Factor C This is defined as the coupling coefficient divided by 
cr eeg" 
C= kc 
, 
//1 
kc 
-1- 1 ýk 
The Directivity_D This is the ratio of the unwanted to the wanted voltage wgve 
by4 induced into the secondary line mult 
. 
iplied 
- 
A- 1kci i. e. D=kd /C 
Each of these parameters is specified with a reflectionless termination at 
ports 2t 3 and 4 as shown in Fig. A2 from which it is seen that the waves 
coupled to the secondary line by the coupling coefficients kc and kd are 
absorbed by the matched terminations at ports 3 and 4 respectively. 
f 
1ý0 
PRIMARY LINE 
ki 
SF-(QrJDARV LitqF- 
5=0 
Pi r, 
1856 
To illustrate the operation of an ideal coupler consider Fig. A. 3 whore porta 
2'and 3 are matched and the reverse coupling coefficient is zero. 
I, 
2 PL 
CL 
6ýýýk 
W4=0 
--, 
--0- 
CL kc 
f3ý 0ý3 
Fia. A. 3. 
4 rr 4 
The source voltage wave a couples to the secondary arm providing an incident 
wave a. k c at port 
3. This is absorbed. The wave on the primary line ýs 
thus reduced by a factor -, 
/1 1kcr (by the conservation of power) as power 
has been extracted from it. Its phase is also changed in traversing to 
jg 
part 2 such that a' = a. e The ratio of power absorbed in loads 2 and 3 
is thus 
p3kc-22 
p2 /1 --1 kc12 
where C=kc the coupling factor as quoted in most directional coupler 
specifications. (Not to be confused with the coupling co-efficient). 
Lot us now consider a practical case where ports 2 and 3 are mismatched, 
port 4 matched and the reverse coupling coefficient is not zero (see Fig, A. 4). 
186. 
hA fl. it Ti r- -11Rý dd T (, 
Lt-sot, 
64) 
r3 
TIK-,, T- -Ir, 
4j-lt 
/ ft "' /0., 
ft /1-- 11 T 17- 7x.,, 
\\ (rodrt 
fit 
The incident wave a couples to port 3 via kc and to port 4 via k d* The 
I- 
remaining portion of the 
I 
wave a 
ZI 
-Ikcr -1k dý is incident on the mismatch 
at port 2* A factor 
11 
-ý0,11 is absorbed and reflected. This then couples 2 /*'02 
Via kC to port 4 where it is absorbedg also via kd to port 3 where a factor 
vF1 is absorbed and J03 is reflected. Finally this couples back to port I 
via kc whence it is reflected and thd cycle repeated, When kC is small these 
subsequent reflections and transfers of energy between the primary and secondary 
k 
lines are small and can be neglected. 
What concerns us here is the power ratio at ports 2 and 3 and the corresponding 
uncertainty caused by the finite directivity. This varies between minimum 
and maximum values as the phase relationship between 1102 and 
kd change with 
frequency. , 
All the waves mentioned above are voltage waves, thus to compare 
the power at ports 2 and 3 it must be remembered that the power dissipated 
in a load of reflection coefficient 
Pis proportional to 1 -[Pr thus: - 
akr + alkd/? 
/1 lk 2k2 
P3 
p2 jkcr 
-k dr 
2 
187. 
If we subst 
. 
itute for a' =ae 
jo then 
1312 
cancels. We now maka 
Ik 
C12 n 
common factor of the numerator and neglect 
Ikd 12 
compared with 
jkc 12 
(This is valid for the couplers which are being considered for S parametar 
measurements as 
I 
k. 
1 
= 0.1 and 
I k, 
j 
0.001. 
p 12) 2 
Ld 
-12 
3 (1 -1)03 
lk 
1+ ejo. k jO V11 -I kcr 
2c2 
12) 
1 
8JO/1 0- 
1)02 lk 
Cr 
12 
Now using the coupling factor equation (C 
k 
C.. )and the directivity 
kc2 
defining equation i. e. D=kd /C. Then: - 
p30- IP3 
12). IC12 
I 
o-j6 +p2D12 
p2 
0- 
212 
examination of this result shows that it gives rise to a moan value 
(P3 ICI 2 
p= 
(1 
A-0312') 
2) mean 6-- 1 P21 
and a frequency dependent riDple due to the 
I 
e-JO +p2D 
12 
term. The 
minima and maxima of which are given by 
(1 1 ý2 10 
1 
DI )2 
This explanation of the directional coupler shows that its response over a 
frequency range Is n--ý iftal. Now the dual directional coupler incorporates 
two secondary lines-for sampling the incident and reflected waves separately. 
This causes an added problem due to the ripple on the individual power responses, 
Unless the responses of the couplers track each other with frequency this 
ripple can cause an error between the two couplers. This is termed the 
secondary arm tracking error and is a most important aspect when considering 
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the accuracy of S parameters measured by the dual directional coupler method. 
The magnitude of the errors to be expected when S parameter measurements are 
made using a good quality wideband dual directional coupler is: - 
error due to directivity 
error due to internal mismatch 0.5% 
error due to secondary arm tracking 3.5% 
5.0% 
1 Bo. 
APPENDIX B: 
CORRECTION OF Y PARAMETERS FOR COMMON LEAD IMPEDANCE 
If we consider the circuit below, it is well known that the Z matrices of 
4 
two 2-ports add to obtain an overall matrix F 
0 T z 
Z 
L 
Le. 
Iz 
JT1 
[Zij'l' 
+ 
lzijl 
so that =. ZiJT] _ 
[Zijb] lzijal (1) 
Now if we consider a 2-port device Z' a with a common lead impedance Z 
. ij c 
as shown below 
This can be considered as two 2-port networks with in-puts and outputs in series 
Now as the Z matrix for a shunt impedance is: 
11 
ij 
IzCzc 
(2) 
zz 
cC 
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Then from (1) 
8 Z 
where 
lZij 
= 
lijý 
represonts the device and 
lzijl 
the moasured parameters. 
4 
lf we then substitute the Y parameters using the Z to Y-transforms 
[Z 
ij y 22 
AyT 
-Y 21 
.&yT 
-Y 
7 
12 - 
Pul 
t, yt 
y 11 
T 
&Y T 
If we now substitute (2) and perform the subtraction 
Izij 
y 
22 
T Zc -Y 12 
T 
_Zc 
yTyT 
-Y 21 
T 
Zc y 
11 
T 
_Zc* 
-&yT&yT 
Now performing the Z to Y transform on 
Iziji 
we obtain the equalities 
y 11 
T- Zc y 12 
ay 
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T 
+Zc 
ya&yTAyaAyT 
(3). 
y 21 
ay 
21 
T+ Zc y 22 
ay 
22 
T_ Zc 
Aya4yTAya6yT 
Noto Ay ay 11 ZC)A 
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inverting Aya = -- ---A YT 
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Re-inserting this in expression (3) 
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similarly for the other three parameters 
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